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Abstract
Insects are the most diverse taxonomic class and live often in a tight sym-
biotic associations with a microbial cosmos that is expected to be even
more diverse. One of these symbioses is fungal farming, the ability to
propagate, cultivate and harvest fungi as a primary food source. This
ability evolved independently in three major insect orders, attine ants,
macrotermitine termites and ambrosia beetles. While many studies have
been conducted on the former two orders, the diversity and mechanisms of
fungal farming in ambrosia beetles are less understood. Ambrosia beetles
include two subfamilies, Scolytinae (bark beetles) and Platypodinae (pin-
hole borers). Platypodinae species are almost all fungal famers evolved
roughly 90 million years ago, and fungal farming is likely to have evolved
once in this lineage. Therefore, they possibly constitute the oldest lineage
of fungal farming insects, while fungal farming in Scolytinae evolved mul-
tiple times and is much younger (∼ 50 million years). There are 1,400
species of described Platypodinae species, however less than 1% of their
fungal associates have been described. The diversity lurking in tropical
biogeographic regions of South America, Asia and Australia is expected
to be large, and this, therefore, creates a great opportunity to discover
and describe new species in these regions.
The aim of this thesis was to contribute to a better understanding of the
fungal farming in Platypodinae by investigating the microbial community
of four Australian platypodine species. So far 46 Platypodinae species
have been recorded for this continent, however none of their fungal or
bacterial partners have been formally described.
The first experimental data chapter of this thesis investigated the only
eusocial beetle, Austroplatypus incompertus, which is also a basal lin-
eage within the tribe Platypodini, and two more derived species, Platypus
semigranosus and Platypus subgranosus. To date there have been a few
speculations about its fungal symbionts without any systematic attempt
of their characterisation. The chapter tested the hypothesis that these
beetle species farm fungal species within the order of Ophiostomatales.
An extensive sampling regime was conducted for A. incompertus beetles
emerging from trees across a large part of its species range in eastern Aus-
tralia (mostly in New South Wales, NSW). Culture-dependent methods
and selective media were used to obtain pure cultures of fungal associates.
For P. semigranosus fungi were isolated from beetles originating from an
infested tree in southern NSW, and fungi previously isolated from Tas-
manian P. subgranosus became available for characterisation. Three new
Raffaelea species, were described: Raffaelea kentii associated with A. in-
compertus and a closely related species, Raffaelea kilii, associated with
P. subgranosus. Raffaelea spirulatus with distinct spiral hyphal forma-
tions was described from P. semigranosus. These three new Raffaelea
species grouped with the Raffaelea sensu stricto clade, which also con-
tains Raffaelea species from other Platypodinae. Through the sampling
of ancient and more derived platypodine species it was demonstrated that
the evolutionary age of beetle lineages did not influence the identity of
their Raffaelea fungi. Furthermore, growth experiments conducted with
these fungal isolates revealed that they are fairly slow growing, and that
they have a negative response to ethanol contained in the growth sub-
strate. These characteristics match the ecological niche requirements for
these fungi.
The second experimental data chapter characterised the fungal and bac-
terial communities of A. incompertus spanning its distribution, approx-
imately 1,000 km along the Great Dividing Range of eastern Australia.
Targeted PCR was used to detect the previously described primary fungal
symbiont Raffaelea kentii and high-throughput amplicon sequencing was
used to characterise fungal and bacterial communities of beetles. For the
analyses emerging beetles were collected from individual galleries, each
established by a foundress female and her offspring, across trees and sites.
The aim was to understand the relative importance of beetle characteris-
tics (genetic relationship and presence of R. kentii) and habitat variation
(tree characteristics and spatial positions) on beetle-associated microbial
communities. The data demonstrated that the spatial position of the
colonised trees within a site was a strong predictor for the fungal commu-
nity composition and structure. Furthermore, it was demonstrated that
the northernmost A. incompertus population had a distinct mitochondrial
lineage, but harboured microbial communities that were indistinguishable
from populations further south. The previously described fungal associate
R. kentii was not detected in all beetles, but this did not influence the
presence and relative proportions of other microbiota. The relative effects
of beetle family relationships and host trees on microbial diversity has still
to be tested across multiple galleries inhabiting the same tree and across
trees .
The third experimental data chapter investigated the fungal and bacterial
associations of another ancient lineage within the Platypodinae occurring
within Australia, Notoplatypus elongatus, basal to the Tesserocerini tribe.
The biology of this platypodine is even more elusive than the one of A.
incompertus, and mostly based on personal communication with now re-
tired forest entomologist Deborah Kent and our personal observations.
The adult beetles of this species are hypothesized to start galleries in
wounds at the base of living trees. The larvae then excavate a vertical
tunnel towards the top of trees where they complete their development.
The aim of this chapter was to characterise the microbiota associated with
N. elongatus. For this, fungi were isolated and cultured from the gut and
the surface of beetle larvae from one infested tree, sequence-typed and
characterised in growth experiments. Furthermore, culture independent
next generation amplicon-sequencing techniques were used to investigate
the diversity of fungal and bacterial associates within the gut of beetle lar-
vae. This lead to the discovery of two novel Raffaelea species (including
the presence of these two within single larvae) and several yeast species.
Furthermore, highly abundant bacterial taxa within the Rhodospirillales,
including one highly prevalent Gluconacetobacter bacterium, were found.
These bacteria may have beneficial effects on the larvae that develop in
nutrient poor environments and play an important role in the beetles
biology. Further research is required to investigate their interactions with
the two isolated Raffaelea species and their host.
This thesis is the first systematic analysis and characterisation of the fun-
gal symbionts and the microbiome of Australian Platypodinae species. It
provides a first insight in the microbial community diversity and mech-
anisms shaping these communities in two ancient and two more derived
ambrosia beetle species, and therefore constitutes an important contribu-
tion to the study of the ecology and evolution of ambrosia beetles.
Preface
This PhD thesis consists of five chapters. The thesis introduction (Chap-
ter 1) is a literature review and sets out the conceptual framework for the
thesis, with the identification of knowledge gaps, leading to the formu-
lation of the scope and aims of the research. Chapters 2, 3 and 4 form
experimental data chapters. These chapters are kept in manuscript for-
mat so that they can be submitted to peer-reviewed journals in the near
future. For this reason the introductory sections of each of these three
chapters may include some repetition of content across these chapters,
while the questions, experiments and results across the three chapters are
distinct. Chapter 5 highlights as thesis discussion the findings of all exper-
imental work, places the findings in the wider research context, discusses
limitations and provides an outlook and recommendations for future work.
I am the lead author on all the chapters of the thesis, and have been in-
volved in the conceptualisation of individual thesis chapters together with
Markus Riegler and Shannon Smith. I have collected and analysed all data
and results presented in this thesis under supervision of Markus Riegler,
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Sydney University, Australia) and Shannon Smith (previously at HIE,
now at Macquarie University, Australia), with the contribution of James
Bickerstaff to some fieldwork and lab work of the COI haplotype analyses
of A. incompertus. Wilhelm de Beer (Forestry and Agricultural Biotech-
nology Institute, University of Pretoria, South Africa) has contributed
with his taxonomic and phylogenetic expertise to the development of the
first experimental data chapter. Furthermore, I have received very valu-
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My PhD project and scholarship was supported by a grant of the Aus-
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Over the 4 billion years of biological evolution, the interactions between organisms
have driven and shaped biodiversity (Ishikawa, 2003). The best example of this can
be found in insects, the most speciose class of animals, many of which live in close
associations with plants and microbe (Samways, 1993; Mueller et al., 2005; Frago
et al., 2012; Biere and Bennett, 2013). Microbial symbionts such as viruses, bacteria,
protists and fungi are widespread amongst insects and symbiotic relationships are
thought to have driven their rapid diversification (e.g. Kiers and West, 2015). These
microbes live outside and within the body and can provide nutrition or defence,
and manipulate host behaviour or reproduction (Buchner, 1965; Moran et al., 2008;
Hosokawa et al., 2010). Symbiotic microbes can contribute to the development and
survival of insects in a vast array of terrestrial habitats (Buchner, 1965; Glenner
et al., 2006). Some insects have become entirely reliant on the nutrient provisioning
provided by their microbial partners. These primary microbial symbionts (obligate
symbionts) involved in these obligate mutualistic interactions are necessary for host
development and are often restricted to specialized organs, such as the endosymbiotic
bacteria in Hemiptera (Moran et al., 2008; Hosokawa et al., 2010). Endosymbiotic
bacteria are usually transmitted vertically from parent to offspring. Well studied
examples are bacteria involved in nutrient provisioning e.g. Buchnera aphidicola in
aphids and Wigglesworthia glossinidia in tsetse flies (Shigenobu et al., 2000; Akman
et al., 2002).
Insects can also have a secondary bacterial endosymbionts (facultative symbionts),
which occur in various cell types of their host and can also be acquired by hori-
zontal transmission from other individuals or the surrounding environment (Moran
1
et al., 2008; Ebert, 2013; Salem et al., 2015). These facultative symbionts can affect
the host in two different ways, by providing fitness benefits in a context-dependent
way, or by manipulating the host reproductive system, e.g. Wolbachia (Moran et al.,
2008). Some of these endosymbiont lineages can be widespread such as Wolbachia
that occurs in about 52% arthropod species (Weinert et al., 2015). Besides bacteria,
many insects are closely associated with fungi (Blackwell, 1994; Gibson and Hunter,
2010). The development of mutualistic relationships with fungi has resulted in many
morphological, chemical and behavioural adaptations in insects and their fungal part-
ners. Similar to bacteria, fungi can be involved in a tight endosymbiosis, living in
special organs of the host e.g. yeasts (Gibson and Hunter, 2010), as ectosymbionts
on substrate in the host's environment, housed temporarily outside the body on the
insects integument, or within special organs of ectodermal origin for the purpose of
dispersal (Francke-Grosmann, 1956). Insect-fungal interactions can also be obligate
and mutualistic, as seen in fungal farming insects, where the fungal symbiont provides
the main or sole food source to the insect partner.
1.2 High-throughput sequencing and accelerated
discoveries in the world of microbes
In recent years the leap in technological advances in sequencing has made it more
affordable to use hightroughput technologies to investigate the microbial ecology of
insect symbioses. These techniques allow the generation and analysis of many se-
quences from complex microbial samples in a rapid approach. Initial investigations
into entire microbial ecosystems used 16S rRNA gene sequencing, first performed
in 1990 (Giovannoni et al., 1990), (Ward et al., 1990). The first sequencing ap-
proaches were a slow process, however, today, millions of sequences can be generated
overnight, using next-generation sequencing platforms such as Illumia, PacBio, and
Oxford Nanopore (Branton et al., 2008; Kozich et al., 2013; Fichot and Norman,
2013).
The most common and affordable approach to characterise microbial communities
using next-generation sequencing is the use of amplicon sequencing of specific gene
fragments like the 16S rRNA gene of bacteria or the ITS2 locus of fungi (Lauber
et al., 2009; Caporaso et al., 2012; Ihrmark et al., 2012; Taylor et al., 2016). This
approach relies on PCR to amplify a specific gene region and via different approaches,
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like the bridge-amplification in Illumina, and rapidly sequences the forward and re-
verse strands. However, amplification of genomic DNA through PCR can introduce
errors, such as the incorporation of incorrect basepairs, which are then multiplied ex-
ponentially through repeated copying (Wang and Wang, 1997; Schirmer et al., 2015).
This makes it difficult to determine the actual identity of the microbial targets due
to the artificial introduced errors. Furthermore, targeted marker genes such as 16S
rRNA genes and ITS may have multiple copy numbers within genomes, and there-
fore vary in their sequence within species and individuals (Dryden and Kaplan, 1990;
Klappenbach et al., 2001; Rooney and Ward, 2005). Another major problem is the
assignment of sequences to a species or higher taxonomic level, for two reasons. First,
short marker gene sequence may not be sufficient to reliably provide a match to just
one species but rather match to a group of species that share this marker, leaving the
taxonomic assignment unresolved. Furthermore, the assignment is dependent on the
available sequences data in well curated databases.
To date, for bacteria, roughly two million sequences of the SSU gene are catalogued in
the SILVA database (https://www.arb-silva.de/documentation/release-132/)
and for fungi roughly one million ITS sequences in the UNITE database (Nilsson et al.,
2019). However, this represents only a fraction of diversity in these two kingdoms
(Blackwell, 2011; Locey and Lennon, 2016). In addition, for fungi we can see that
limited species discovery in less studied areas, such as Australia and South America
can be a problem in assigning new taxa based on sequence approaches alone (Nilsson
et al., 2019). Furthermore, approaches relying on a single primer set can capture just
a small percentage of the biological diversity. For example the 16S rRNA amplicon-
sequencing of bacteria from human and environmental samples could capture as low
as 9.6% of the overall bacterial diversity due to primer choice and difficulties with the
amplification of some bacterial taxa (Eloe-Fadrosh et al., 2016).
Despite all of this, other approaches such as metagenomic shotgun sequencing can
reveal a full picture of an environmental sample (Eloe-Fadrosh et al., 2016; Karst
et al., 2018), however this is a more expensive, and computationally a more complex
approach. The most recent improvements of amplicon sequencing involves sequenc-
ing of the full length 16S and 18S rRNA genes by using extracted RNA, building
the double-stranded cDNA via poly(A)tailing and tagging both ends with unique
identifiers, which allow sequencing even with short read sequencing technologies like
Illumina Miseq, but also long-read technologies like the increasingly popular Oxford
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Nanopore (Karst et al., 2018). The cost of these technologies is still high and the
error rate for some long-read technologies like Nanopore can range from 5% to 40%
(Goodwin et al., 2015). However, the rapid advances in technology will overcome
these shortcomings within the next few years.
Despite the limitations, next-generation amplicon sequencing allows the character-
isation of the diversity of microbes in samples which otherwise might be hard to
investigate because of their size. The relationships between insects and microbes
can sometimes be difficult to determine, because some insects lack specific morpho-
logical features such as bacteriomes that house bacterial endosymbionts, and because
many insects are very small, which make dissections very hard. Furthermore, culture-
dependent methods might be failing if the growing conditions of symbiotic microbes
are unknown and difficult to simulate (Kikuchi et al., 2007; Shi et al., 2010; Pros-
docimi et al., 2015).
1.3 Agriculture in insects
Agriculture as a process of planting, cultivating and harvesting crops for food has
arisen several times in the animal kingdom (Mueller et al., 2005) and it often seems
linked to the formation of complex societies (Richerson and Boyd, 1999). Indeed,
the adoption of agricultural strategies by humans in the Middle East close to 13,000
years ago (Diamond and Ordunio, 1999), and independently in Australia in a poten-
tially much earlier era (Pascoe, 2014), was arguably the main innovation which led
to human civilization which we know today. The development (and independently
repeated development) of farming is not unique to humans. Insects evolved agricul-
tural strategies close to 40-90 million years ago. More specifically, fungal farming
arose independently in at least three insect orders, namely Hymenoptera (once in
ants, ∼50-60 million years ago), Blattodea (once in termites, 31 million years ago)
and Coleoptera (in beetles, several times in Scolytinae ∼50 Million years ago, and
once in Platypodinae ∼90 Million years ago) (Mueller et al., 2001; Mueller and Ger-




Fungus growing ants mostly belong to the tribe Attini and are a model system for
studying obligate mutualism (Weber, 1966; Chapela et al., 1994; Currie, 2001). Fungal
cultivation in these groups evolved only once, close to 50 million years ago (Mueller
et al., 2001). The symbiotic fungus mostly belongs to the Lepiotaceae within the
Basidiomycota (Mueller et al., 1998; Mueller, 2002). These fungi live saprotrophically
and are significant decomposers of litter in the neotropics, where the coevolution
between ants and fungi likely originated (Mueller, 2002).
The specialized asexual forms of the fungal symbionts of ants are called gongylidia
(Martin, 1970). These hyphal swellings are rich in lipids and carbohydrates and
provide a food source for the attine ants (Martin, 1970; Quinlan and Cherrett, 1979;
Currie, 2001). Phylogenetically, the tribe Attini is divided into a monophyletic group
of the higher attines and the paraphyletic lower attines (Mueller, 2002). Interestingly
in the higher attine ants, also known as the leaf-cutter ants, fungi are normally
dispersed vegetatively as asexual clones within the nest and are vertically transmitted
by the queen and dispersing offspring founding new nests (Mueller et al., 1998; Currie,
2001; Poulsen and Boomsma, 2005). Only in a few cases, mainly in lower attine
ants, horizontal transmission of different fungal genotypes between nest of different
populations within the same ant species can occur since these ants live in association
with free-living forms of Lepiotaceae (Mueller et al., 1998; Mikheyev et al., 2006).
Higher attine ants consistently farm fungal monocultures. This makes the fungal
gardens especially vulnerable to diseases and parasites.
In the leaf cutter ants, this includes highly specialised parasitic and virulent fungi
in the genus Escovopsis (Ascomycota). These fungi can be transmitted horizontally
between ant colonies and can destroy the fungus-garden of the colony (Currie et al.,
1999a). However, in this coevolutionary system of ants, their fungal symbionts and
parasites, a fourth partner has coevolved, a bacterium in the genus Streptomyces. This
bacterium is found in all fungus-growing ants and helps in suppressing the growth of
Escovopsis. The bacterium is transmitted vertically from parent to daughter nests,
promotes the growth of the mutualistic fungus and produces highly specific antibiotics
against the parasitic fungi (Currie et al., 1999b). This coevolution involving several
taxa makes ants an extraordinary evolutionary study system for symbiosis, that has
been well studied. In contrast, other fungal farming insects are less studied.
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1.3.2 Termites
Fungal cultivation in termites most likely originated in the African savannah about
31 million years ago (Aanen and Eggleton, 2005; Nobre et al., 2011). Fungus growing
termites belong to the subfamily Macrotermitinae and their associated fungal crop is
a member of the Termitomyces within the Basidiomycota (Aanen and Eggleton, 2005;
Nobre and Aanen, 2012). Their fungal symbiont is dispersed via sexually produced
spores that are spread by wind. The fruiting of the fungus and the emergence of the
workers is simultaneous, so that the fungus is also distributed throughout the nest.
The fungus is rich in nitrogen, sugars and enzymes (Martin, 1992; Korb and Aanen,
2003). Interestingly, the fungus also grows in its asexual stage and these spores are
indigestible to termites, which means that they are distributed by passing through
the gut unharmed (Mueller et al., 2005). Some species of termites use this technique
for the foundation of new colonies by inoculating a new nest with the undamaged
asexual spores from their gut (Martin 1992).
1.3.3 Ambrosia beetles
The order Coleoptera contain the oldest fungal farming insect lineages. Ambrosia bee-
tles have an obligatory symbiosis with their fungal partners as their sole food source,
similar to the interactions seen in attine ants and microtermitine termites. Within the
Coleoptera, ambrosia beetles are the only beetles that solely rely on cultivated fungi,
while there are other beetle taxa that can have fungal associations that enhance and
contribute to their survival (such as some bark beetles, longicorn beetles and others)
(Farrell et al., 2001; Gibson and Hunter, 2010; Scully et al., 2014). Ambrosia beetles
include species of two subfamilies within the family Curculionidae (weevils); Scolyti-
nae (mostly bark beetles) where fungal farming likely evolved independently at least
16 times, for the first time around 50 million years ago (Johnson et al., 2018), and
Platypodinae (pinhole borers) which are (except for one scarcely studied species) all
considered fungal farmers, the oldest fungal farming insect lineage that originated
close to 90 million years ago (Francke-Grosmann, 1967; Batra, 1985; Beaver et al.,
1989; Jordal and Cognato, 2012; Jordal, 2015; Vanderpool et al., 2017).
Worldwide, the biodiversity of ambrosia beetles includes all Platypodinae (more than
1,400 species), and some but not all Scolytinae (2,000 out of 7,000 species). The
majority of ambrosia beetles live in tropical or subtropical climates (Farrell et al.,
2001; Jordal and Cognato, 2012). It is therefore hypothesised that the evolution of
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fungal farming in beetles originated in these tropical and subtropical regions (Farrell
et al., 2001; Jordal and Cognato, 2012). Despite being the most ancient fungus
farming insects Platypodinae are far less studied than scolytine ambrosia beetles. In
general, very little is known about the role of other microbes in the fungal farming
systems of ambrosia beetles. However it appears likely that other microbial associates
besides their fungal food source are important for these beetles (Cardoza et al., 2006;
Scott et al., 2008). For example oral secretions in the mouthpart of some Scolytinae
species can contain bacteria that specifically suppress non-symbiotic fungi and may
therefore help beetles weeding their garden (Cardoza et al., 2006). These mutualistic
bacteria belong to the Actinomycetes (as in the ants) and coevolved with their beetle
hosts (Scott et al., 2008).
1.3.3.1 Scolytinae
The subfamily of Scolytinae is very diverse and occurs in many forest habitats from
cold temperate to warm subtropical and tropical environments. Some scolytines are
significant pest species in temperate and tropical forests (Sauvard et al., 2010; Hulcr
and Dunn, 2011; Tarno et al., 2016). Out of the 6,000 currently recognised scolytine
beetles, 2,000 are true fungal farmers and actively cultivate fungi (Jordal and Cognato,
2012). Ambrosia beetles within the Scolytinae excavate their tunnel systems within
the sapwood (Francke-Grosmann, 1956). The majority of research on ambrosia beetles
focuses on these scolytine beetles and their associated fungi, because some can be
destructive pest species (Kirkendall and Faccoli, 2010; Hulcr and Dunn, 2011). The
origin of Scolytinae is dated back to around 100 million years ago (Jordal and Cognato,
2012). However, the evolution of fungal farming within Scolytinae is much younger,
and appears to have evolved independently at least 16 times, with the oldest fungal-
farming node arising about 50 million years ago (Farrell et al., 2001; Jordal and
Cognato, 2012; Johnson et al., 2018).
1.3.3.2 Platypodinae
Platypodinae, also known as pinhole borers, is another subfamily within Curculion-
idae. Platypodinae usually excavate their galleries in stressed, dying or recently
deceased trees (Francke-Grosmann, 1967; Sauvard et al., 2010). It is thought that all
1,400 species of Platypodinae are obligately associated with a fungal partner (except
for one little studied species (Kirkendall et al., 2015; Jordal, 2015). The long phylo-
genetic branches and lack of robust phylogenetic data has historically made the exact
placement of these beetles within Curculionidae difficult (Jordal et al., 2014). They
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have at times been considered along with Scolytinae as the superfamily Scolytoidea,
and then as a subfamily closely related with Scolytinae. It is now clear that despite
their similar life histories and common morphological traits, Platypodinae are more
distantly related to Scolytinae (Jordal and Cognato, 2012). It is hypothesized that
the very first fungus farming insects (now extinct) were actually related to Platypo-
dinae in the Cretaceous (66 to 145 million years ago), because of the discovery of a
Burmese amber fossil which was dated back to this time period, and supported by
molecular data (McKenna et al., 2009; Jordal and Cognato, 2012; Jordal, 2015).
1.3.3.3 Ambrosia fungi of Platypodinae and Scolytinae
The fungal associates of ambrosia beetles, in the form of mycelia or spores, are their
host's sole food source. The name ambrosia refers to the food of gods in Greek mythol-
ogy and arose due to the sweet smell of secondary metabolites released by the fungi
in the decomposition process of the wood (Batra, 1985). The larvae of most ambrosia
beetles feed exclusively on fungal structures (i.e. they are mycetophagous) in beetle
galleries, whereas adult beetles can sometimes feed on both wood and fungi (xy-
lomycetophagous) (Francke-Grosmann, 1967). In rare cases larvae can feed on both
fungi and wood (Francke-Grosmann, 1963, 1967). The fungal symbiosis is essential for
ambrosia beetles because the fungi produce enzymes that can break down cellulose,
and these enzymes are missing in the repertoire of the beetle genome (Bärlocher,
1985; Ulyshen, 2016). Whilst the fungi contain more nutrients and vitamins than
the surrounding xylem and phloem (Bärlocher, 1985), the nutritional value of the
mycelium can vary with gallery age and environmental conditions (Bärlocher, 1985).
Fungal symbionts may also have evolved to detoxify secondary defence metabolites
produced by the tree (Bärlocher, 1985; Dowd, 1992).
To ensure successful growth of the fungal gardens, it is thought that ambrosia beetles
carry a community of different fungal spores with them (Beaver et al., 1989). These
are often distinguished into primary and auxiliary fungi. The primary fungi can be
highly specific to individual beetles species and occur immediately after the estab-
lishment of the gallery, whereas auxiliary fungi are less specific, transient and may
appear well after the development of the gallery (Batra, 1963, 1985). In scolytine
and platypodine beetles, primary fungi are most often transported in specific ecto-
dermal structures called mycetangia or mycangia (Francke-Grosmann, 1967; Batra,
1985; Cassier et al., 1996). These special structures can be pouches, cavities or pits
of various sizes which are usually associated with glandular cells (Nakashima, 1971;
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Kent, 2008b). The mycangia can occur in different body regions of beetles. My-
cangia of Scolytinae are most commonly prothoracic pleural, promesonotal, elytral,
prosternal-subcoxal and oral (Francke-Grosmann, 1967). For Platypodinae typical
mycangia are pro- and mesocoxal mycangia, pits on the prothorax or single pouch
preoral cavities (Table 1). (Mayers et al., 2015) hypothesised that the structure and
size of the mycangia has a major influence on the fungal community composition in
ambrosia beetles.
Fungal symbioses have evolved several times in beetles and several different groups
of fungi are known to form these insect-fungal symbioses (Hulcr et al., 2007a; Mas-
soumi Alamouti et al., 2009; Kasson et al., 2013). The most common obligate fungal
mutualists of ambrosia beetles belong to the classes Sordariomycetes (orders Mi-
croascales and Ophiostomatales) and Saccharomycetes (yeasts) within the phylum
Ascomycota as well as some species in the phylum Basidiomycota (Massoumi Alam-
outi et al., 2009; Biedermann et al., 2013; Dreaden et al., 2014; You et al., 2015;
Mayers et al., 2015).
Microascales (Ascomycota: Sordariomycetes)
The order of Microascales (Ascomycota: Sordariomycetes) includes four families Cer-
atocystidaceae, Gondwanamycetaceae, Halosphaeriaceae and Microascaceae (Réblová
et al., 2011). Ambrosia beetles within the Scolytinae are often associated with fungal
species in the family Ceratocystidaceae (Six et al., 2009; Mayers et al., 2015). Two
examples are (1) female beetle species of the genera Xylosandrus spp. (Xyleborini),
which harbour Ambrosiella spp. in their large mesotonal mycangia and (2) bee-
tle species within the genus Trypodendron (Xyloterini) which carry Phialophoropsis
spp. (Ceratocystidaceae) in their prothoracic pleural mycangia (Batra, 1967; Francke-
Grosmann, 1967; Batra, 1985; Hulcr and Cognato, 2010; Mayers et al., 2015). The
polyphyletic genus Ambrosiella is assumed to be a true fungal symbiont and is as-
sociated with a variety of scolytine beetles (Mayers et al., 2015). Ceratocystidaceae
are often associated with large and elaborate mycangia that are entirely set inside
the beetle body, whereas smaller mycangia are associated with Ophiostomatales. It
is assumed that ambrosia beetles with large mycangia derived from other genera with




The order Ophiostomatales includes six lineages including Ophiostoma sensu stricto,
Raffaelea sensu stricto, Ceratocystiopsis, Fragosphaeria, Graphilbum and Leptographium
sensu lato (de Beer and Wingfield, 2013). In contrast to the primary fungal symbionts
of Scolytinae, Platypodinae are often associated with the polyphyletic genus Raffaelea
ssp. in the lineages Raffaelea sensu stricto and Leptographium sensu lato (Table: 2.1
in chapter 2). The majority of Raffaelea spp. live as saprophytes colonizing dead or
dying wood but some species can cause significant damage to forest trees like Raffae-
lea quercivora and Raffaelea quercus-mongolicae associated with Platypus quercivorus
(Kinuura, 2002; Kim et al., 2009; Endoh et al., 2011; Dreaden et al., 2014)
Saccharomycetes (Ascomycota: Sordariomycetes)
The order of Saccharomycetes includes yeasts that can also be found in the mycangia
of ambrosia beetles. Their exact function has long been queried (Baker and Kreger-
van Rij, 1964). It is assumed that yeasts within the symbiosis of ambrosia beetles
may have the following roles (Graham, 1967; Davis, 2015): (1) they can enhance
the growth of insect beneficial microbes as well as inhabit competitive microbes; (2)
they can produce semiochemicals which can attract or repel beetle heterospecifics,
conspecifics, predators or parasitoids; (3) they can detoxify plant chemicals such as
terpenoids or can produce chemicals which may influence the performance of the
beetle and their associated microbes; (4) they may have a direct nutritional role for
the insect, because they can contribute sterols and amino acids. However, these
four potential roles are still elusive and need further testing. Furthermore, a clear
generalization of the function of yeast associates may be challenging or impossible
(Davis, 2015).
1.3.3.4 Biosecurity and ambrosia beetles
While the majority of ambrosia beetle species are important in ecosystem functioning
by contributing to nutrient cycling and forest regeneration, several ambrosia beetle
species are regarded as serious pests which threaten forest ecosystems, because of their
tunnelling behaviour, fungiculture and ability to transmit aggressive tree pathogens
(Farris and Funk, 1965; Hulcr and Dunn, 2011). An example of an economically
important ambrosia symbiosis within the Scolytinae is the redbay ambrosia beetle
Xyleborus glabratus and its primary fungus Raffaelea lauricola (Fraedrich et al., 2008;
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Harrington et al., 2011). This beetle-fungus association causes a vascular wilt in red
bay and other Lauraceae species, and has led to massive dieback of red bay trees in
the USA (Fraedrich et al., 2008).
Within Platypodinae, Platypus cylindrus, P. quercivorus and Megaplatypus mutatus
are well studied examples illustrating the threat that ambrosia beetles place on native
and managed forests. Platypus cylindrus occurs in oak trees in Europe where it can
cause cork oak mortality in Portugal (Henriques et al., 2009). The fungal associates of
P. cylindrus are diverse, and thought to include Raffaelea species, together with other
Ascomycota that appear to be involved in the dieback (Inácio et al., 2010; Belhoucine
et al., 2011; Inácio et al., 2012). The other two species, P. quercivorus and M. mutatus,
which occur in other parts of the world, e.g Asia and South America, are common
pest species attacking weakened living trees and cause substantial losses to the timber
industry (Kusumoto et al., 2015; Alfaro et al., 2007). Platypus quercivorus attacks,
like P. cylindrus, oak trees and is distributed throughout Japan and other regions of
Asia. The first occurrence of oak wilt was in the 1980s (Ito et al., 1998). The female
bores a horizontal gallery whereas the male plugs the entrance hole with its abdomen
to prevent natural enemies and competitors from invading the gallery (Kirkendall
et al., 1997). The mycangia are on the thorax of the females and contain the spores
of Raffaelea quercivora (Kamata et al., 2002). This fungus causes a tree wilt by
blocking the sapwood (Kamata et al., 2002; Kubono and Ito, 2002; Endoh et al., 2011).
Megaplatypus mutatus is a major pest species in poplar plantations in Argentina and
other parts of the world. This beetle is one of only a few of Platypodinae that attack
live and healthy trees (Alfaro et al., 2007; Guerrero, 1966). The beetle excavates large
internal tunnels in the xylem which can lead to windbreak of trees. Their emerging
season is late spring (September to November) and, the male beetles initiate the
gallery (Funes et al., 2011). Females join shortly after the successful attack, mate and
then construct the majority of the gallery system. Their primary ambrosia fungus is
Raffaelea santoroi (Alfaro et al., 2007).
The previously listed species are examples of scolytine and platypodine ambrosia
beetles are economically important in their regions and can also threaten biosecurity
worldwide, if the beetle and its associated fungi is accidentally introduced to other
regions for example by timber trade or timber used for packaging. However, examples
of endemic species which cause a threat to the local forest resources are rarer than
introduced species.
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The specific fungal partners involved in obligate mutualisms of platypodine beetles
are relatively unknown compared to those of Scolytinae. Platypus cylindrus, P. quer-
civorus and M. mutatus are only a small number of well-studied species within Platy-
podinae (see Table: 2.1 in Chapter 2). Few studies have been conducted on Platy-
podinae from southern hemisphere tropical and subtropical regions in Africa and
Australasia. This is striking as these regions are currently thought to be a centre of
origin, and expected to be biodiversity hotspots for ambrosia beetles (Jordal, 2015).
More studies of the biodiversity in these regions could lead to a better understanding
of fungal farming in ambrosia beetles and offers the opportunity to discover new ob-
ligate microbial mutualists of Platypodinae. For example, an African research group
recently investigated the colonization of the important African trees Olea capensis
and Rapanea melanophloeos by beetles. They found a platypodine species (Platy-
pus sp.) associated with an undescribed fungus, Raffaelea sp. and revealed for the
first time the sexual stage of these ophiostomatoid fungus (Musvuugwa et al., 2015).
These findings highlight the research gaps in this field and confirm that investigations
of mutualistic fungal and bacterial symbionts of Platypodinae may reveal many new
fungal species and unknown interactions.
The Australian Platypodinae beetles are an excellent study system to investigate the
evolution of fungal farming. The basal lineages of Tesserocerini, Notoplatypus elon-
gatus and Platypodini Austroplatypus incompertus are endemic to Australia, as well
as several other lineages of more recently evolved Platypodini species. Notoplatypus
elongatus and A. incompertus are likely to have originated close to 90 and 60 million
years ago, respectively (Jordal, 2015) (Figure 2). The identity of their fungal partners
is currently unknown, and knowledge about their identity may allow a better inter-
pretation of the evolution of fungal farming in ambrosia beetles, and more widely.
Both are extraordinary species within Platypodinae, highly specialised because they
inhabit living Eucalyptus trees, and, in the case of A. incompertus, can colonize host
trees for an extensive time period without causing harm to the host tree (Smith et al.,
2018). The biology of N. elongatus has not yet been extensively studied. This species
appears to attack wounded and stressed trees (D. Kent, personal communication,
personal observation). Furthermore, beetle galleries have a clear staining indicative
of the presence of fungi. Similarly, the fungal symbionts and microbial communities
of the only eusocial beetle, A. incompertus, are unknown.
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1.4 Aims and scope of the thesis
This thesis aims to establish, for the first time, the identity of the fungal symbionts of
the only known eusocial beetle A. incompertus and other Platypodinae in Australia,
and to characterise their microbial communities. An extensive sampling program
was undertaken for A. incompertus along eastern Australia. Besides A. incompertus,
other Australian Platypodinae were also studied by characterising already existing
fungal isolates samples from previous collections and by accessing their fungal isolates
kept at the New South Wales Department of Primary Industry Plant Pathology and
Mycology Herbarium. Furthermore, individuals of N. elongatus, were collected from
an infested tree that was discovered by chance.
The thesis addressed the following questions:
1. What fungi are associated with A. incompertus across different populations?
To address this question different populations of A. incompertus were sampled and
culture-dependent methods applied to isolate and examine the fungal associates. This
lead to the description of newly found ambrosia fungi species and placed them into a
phylogenetic context with previously known symbionts of other ambrosia beetles
2. What fungal and bacterial communities are associated with A. incompertus and
what genetic and environmental factors influence the composition and structure of
these microbial communities?
For this question, beetle galleries of A. incompertus throughout its distribution in
New South Wales, Australia were accessed. Culture-independent methods such as
amplicon-sequencing were used to determine the microbial community composition
and structure and multivariate statistics used to explain the effects of genetic and
environmental factors on the observed microbial community patterns.
3. What microbes are associated with N. elongatus and in what way are they different
from the microbial communities of A. incompertus?
To achieve this, N. elongatus larvae were sampled from an infested tree and culture-
dependent as well as culture-independent techniques used to determine the microbial
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associates of this beetle species.
This thesis is the first systematic and comprehensive investigation of fungal sym-




Fungal farming down under:
characterisation and description of
three new Raffaelea species
(Ophiostomatales) isolated from
three Australian ambrosia beetles
(Platypodinae) with different life
history traits
2.1 Abstract
Ambrosia beetles farm fungi as their primary food source. They include two sub-
families, Scolytinae (bark beetles) and Platypodinae (pinhole borers). In contrast to
scolytines, platypodines are the phylogenetically older lineage and all species but one
are considered fungal farmers. However, fungal associates have been characterised
for only 15 of the estimated 1,400 species. Australia hosts phylogenetically diverse
platypodines and several basal lineages, including Austroplatypus incompertus, and
more derived species such as Platypus semigranosus and Platypus subgranosus. All
three differ in their life histories, host tree use and impact: A. incompertus is the only
eusocial beetle species and develops in longlasting galleries in living Eucalyptus trees
without noticeably affecting tree health; P. semigranosus and P. subgranosus are not
eusocial and develop in dead or already dying trees, and the latter species can trans-
mit a tree pathogen within Australia. Here, we characterise fungal symbionts from
Australian platypodines for the first time, and describe three new Raffaelea species
(Ascomycota: Ophiostomatales): we collected A. incompertus from Eucalyptus pilu-
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laris from three distant sites and cultured their fungi, including Raffaelea kentii sp.
nov. and a Qualambaria species. At one site a related Raffaelea variant was isolated
from A. incompertus on Eucalyptus piperita. Furthermore we described Raffaelea
spirulatus sp. nov., previously isolated from P. semigranosus, and Raffaelea kilii sp.
nov., previously isolated from P. subgranosus. The new species belong to Raffaelea
sensu stricto; R. kentii and R. kilii are sibling species whereas R. spirulatus is related
to Raffaelea albimanens first isolated in South Africa, but had distinct hyphae that
formed spiral structures. In contrast to another recent study, we report high ethanol
sensitivity in all Australian Raffaelea species and a particularly slow growth rate of
R. kentii. These traits may be linked with the fungi's ecology; R. kentii occurs with a
eusocial beetle species that develops within living Eucalyptus trees over considerable
time without seriously impacting tree health. Our study confirms presence of related
Raffaelea species across ancient and more derived platypodines within a single bio-
geographic region and therefore suggests that evolutionary age of beetle lineages does
not influence the identity of their ambrosia fungi.
2.2 Introduction
Intricate mutualistic interactions between insects and fungi have fascinated biolo-
gists since the 19th century (Buchner, 1965). Insect fungiculture is perhaps the most
advanced form of the this mutualism, as it involves farming practices with striking
similarities to our own such as active propagation, manipulation of growth conditions,
protection, harvesting and dispersal of fungi (Mueller et al., 2005). In return, the sym-
biotic fungi are the primary food source and provide fungal farming insects with nutri-
ents that they would otherwise not be able to assimilate from the surrounding environ-
ment (Graham, 1967; Francke-Grosmann, 1967). Fungal farming arose independently
in three insect orders: (1) Blattodea represented by fungus-growing termites within
the subfamily Macrotermitinae; (2) Hymenoptera represented by fungus-growing ants
within the tribe Attini and (3) Coleoptera represented by ambrosia beetles within two
weevil (Curculionidae) subfamilies, Scolytinae and, the least studied group, Platy-
podinae (Mueller et al., 2001; Aanen et al., 2002; Mueller and Gerardo, 2002; Farrell
et al., 2001).
Fossil evidence places the origin of Platypodinae at roughly 90 million years ago,
prior to the divergence of Scolytinae and other fungal farming insects, suggesting
that they are the most ancient group of insects with fungiculture (Vanderpool et al.,
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2017). Platypodine diversity is estimated to include about 1,400 species (Jordal,
2015). However, recent studies suggest that this number may be an underestimate
because many species are still undescribed (Kirkendall, 2017). Platypodines mostly
occur in the tropical and subtropical regions of Africa, South America, Southeastern
Asia and Australasia, and it is estimated that the Neotropics host the highest species
diversity (Jordal, 2015).
Most Platypodinae develop in dead or dying trees and, therefore, they play a vital role
in nutrient cycling within ecosystems (Ulyshen, 2016). However, fungal associates
have so far only been described from about 15 platypodine species (Table: 2.1). The
fungal communities of ambrosia beetles are, therefore, less studied for Platypodinae.
The fungi associated with Scolytinae are diverse and can consist of species belonging
to different orders (e.g. Ophiostomatales and Hypocreales) and functional guilds with
regard to tree interactions: commensals, bionecrotrophs (including pathogens), and
saprophytes (Kostovcik et al., 2015). Ambrosia fungi are reliant on the beetles for
dispersal and survival. An evolutionary outcome of this codependency was the evolu-
tion of mycangia, specialized morphological structures on or within ambrosia beetles
that contain fungal propagules, and are important for the dispersal of fungi to new
beetle galleries and host trees. In Platypodinae mycangia are predominantly located
on the beetles prothorax, and consist of pit-like structures that harbour spores or
hyphae of the fungal symbionts (Mayers et al., 2015). The few studies that investi-
gated fungal symbionts of platypodines revealed fungi of the genus Raffaelea within
the order Ophiostomatales (Ascomycota) that also includes severe phytopathogens
like the Dutch elm disease agents within the genus Ophiostoma (Dreaden et al., 2014;
Massoumi Alamouti et al., 2009).
The genus Raffaelea is polyphyletic and can be grouped into two subclades, Raf-
faelea sensu stricto and Leptographium sensu lato (de Beer and Wingfield, 2013).
The only known pythopathogens within Raffaelea are Raffaelea lauricola, Raffaelea
quercus-mongolicae and Raffaelea quercivorus ; the other known Raffaelea species are
assumed to be saprophytic (Dreaden et al., 2014; Harrington et al., 2008; Kim et al.,
2009; Kubono and Ito, 2002). The overall still sparsely described species diversity
within this genus and the question about its origin is a major challenge in resolving
their evolutionary history with Platypodinae and Scolytinae. Recently a new species
of a new ambrosia fungus genus, Afroraffaelea, was described and the authors con-
cluded that it might be a basal species within the ambrosia fungi (Bateman et al.,
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2017). This fungus was found in association with a scolytine developing in decaying
wood, indicative of a saprophytic origin of the fungus. However, this species was asso-
ciated with a scolytine when, in contrast to this, platypodines are considered the more
basal and more ancient fungal farmers (Vanderpool et al., 2017). Therefore, the diver-
sity of fungal symbionts of Platypodines will require more extensive characterisation.
One of the basal lineages of the subfamily Platypodinae is the monotypic Australian
endemic species Austroplatypus incompertus. Its eusocial behaviour is unique within
ambrosia beetles, and also within beetles in general (Kent and Simpson, 1992). Gal-
leries of this Eucalyptus specialist are established by a mated single foundress female
that then spends 30 or more years in producing offspring cohorts without noticeably
impacting tree health. Male and most female offspring leave the galleries while several
daughters remain and effectively become non-reproducing workers in the foundress
gallery (Smith et al., 2018).
It has previously been reported that the fungal symbiont of A. incompertus may be
an Ambrosiella sp. (Kent and Simpson, 1992) which would be in contrast to the fact
that all fungal symbionts isolated from platypodines are Raffaelea species. However,
this fungal symbiont has so far not been isolated and adequately described. Therefore,
we aimed to isolate and characterise the fungal symbiont of this species. Based on
descriptions of ambrosia fungi from other platypodines, and based on the fact that A.
incompertus is an ancient platypodine lineage, we hypothesized that this beetle forms
symbioses with an ancestral Ophiostomatales species. However, its host tree genus
Eucalyptus is relatively young (Crisp et al., 2011) and therefore this beetle-host tree
association would have evolved more recently, potentially allowing a more recent ac-
quisition of a fungal symbiont. We expected to find a fungus within the polyphyletic
genus of Raffaelea as nearly all known associates of individual platypodine species
are one or more Raffaelea species (Table: 2.1). Furthermore we analysed the fungal
symbionts that have previously been isolated from two phylogenetically younger Aus-
tralian ambrosia beetle species, Platypus semigranosus and Platypus subgranosus, in
order to investigate whether they are also associated with Raffaelea and to explore the
diversity of these fungi in Australia. These two Platypus species are not eusocial and
develop in dead or already dying trees, and the latter can transmit a phytopathogen,
Davidsoniella (Chalara) australis, in Nothofagus cunninghamii (Kile and Hall, 1988).
Our study is the first report of newly described Raffaelea species from Australian
Platypodinae and advances the study of fungal systematics for ambrosia beetles. In
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addition, we characterised growth rates at different temperatures and response to
ethanol of these three new Raffaelea species. For growth rates, we expected that
the fungal symbiont of A. incompertus with long-lasting gallery systems in living
trees would be slow growing and better adapted to cooler conditions than the fungal
symbionts of the platypodines developing in dying or dead trees. A recent study
by Ranger et al. (2018) demonstrated that ambrosia fungi of scolytines grow better
than environmental competitors like Aspergillus when on media containing 1 to 2.5%
ethanol. The authors concluded, that ambrosia fungi are adapted to ethanol that
develop in fermentation processes during wood decay, and ethanol emission might
also be an important factor in host tree finding by the beetles. Therefore, we tested if
fungal symbionts of Australian platypodines also have a positive response to ethanol
contained in the growth medium. We hypothesised that ambrosia fungi of P. semigra-
nosus and P. subgranosus would have growth and responses to ethanol rates similar
to Raffaelea species as described in the study by (Ranger et al., 2018), because these
two beetle species attack dying or dead trees. In contrast, for the fungal symbiont
of A. incompertus we expected that it would have a negative response to ethanol,
because it develops in living Eucalyptus trees without causing significant wood decay.
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Table 2.1: List of ambrosia fungi isolated from Platypodinae. The table summarizes
the known fungal symbionts of Platypodinae based on published literature
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2.3 Material and methods
2.3.1 Collection of A. incompertus and fungal isolation
Adults of A. incompertus emerging from galleries were collected from Olney and
Termeil State Forests and Dorrigo National Park in New South Wales (Figure: 2.1)
from March to May 2016. Beetles were trapped using brass gauze mini-cages which
were attached to beetle gallery entries approximately at breast height on living mature
Eucalyptus pilularis (blackbutt) and Eucalyptus piperita (Sydney peppermint) trees
(Kent, 2008a, 2001). The mini-cages were checked every week and individuals were
transferred into microcentrifuge tubes, brought to the laboratory alive and stored at
4 °C until further investigation. At each site, one gallery from each of three trees
was accessed. Three females and three males were collected per gallery. In total, 72
beetles were analysed for all three sites: 36 beetles from Olney (E. pilularis and E.
piperita) and 18 beetles per site from Termeil and Dorrigo (E. pilularis).
The beetles were washed vigorously in 500 µl sterilized water and 100 µl aliquotes of
this wash solution were spread on each of four 2% malt-extract agar (MEA) plates
containing streptomycin (100 mg/mL) and penicillin (7 mg/mL). In addition, one
100 µl aliquot was spread on 2 % MEA containing 500 mg/L cycloheximide (CSMA)
as a selective agent for ophiostomatoid fungi which are not inhibited by this anti-
fungal agent (Harrington, 1981). Furthermore, mycangia from female beetles were
dissected after the washing step and placed onto 2% MEA containing streptomycin
(100 mg/mL) and penicillin (7 mg/mL). This step was performed without sterilizing
the beetle surface because a previous study indicates that the pronotal mycangia of
A. incompertus are relatively shallow (Kent, 2008b) and surface sterilization could
result in the destruction or removal of any fungi within it. After plating, all plates
were kept in an incubator at a temperature of 25 °C and without light. Plates were
checked each day for up to four weeks and growing mycelia were transferred onto 2
% MEA to establish pure cultures after counting the number of established fungal
colonies on each plate. Cultures were assessed in the first weeks of growth and were
sorted into morphotypes according to their morphological features such as growth
structure, texture and colour of the mycelium.
Initially, one isolate for each morphotype was sequenced (beta-tubulin gene) to link
the different morphotypes to DNA sequence data and to allow comparisons with







Figure 2.1: Map of Australia with the collection sites of beetles and isolates.
morphotypes were characterised further. Isolates that were not sequenced were kept
in the unidentified category in order to avoid false species identifications based on
morphospecies groupings.
2.3.2 Isolates of Raffaelea sp. from Platypus semigranosus
and Platypus subgranosus
Four isolates of Raffaelea sp. were obtained from the New South Wales Department
of Primary Industries (NSW DPI) culture collection in Orange, New South Wales.
DAR 34208 was isolated by Glen A. Kile from Platypus subgranosus in Smithton
in Tasmania in 1977. DAR 50136 and DAR 50137 were isolated from the same
beetle species collected in Arve Valley in Tasmania in 1982 and 1984. The isolate
DAR 82893 was isolated from Platypus semigranosus infesting Pinus radiata in Bondi
State Forest in southern New South Wales by Angus Carnegie and Chris Anderson
from the Department of Primary Industries in Orange in 2015. Furthermore, we
also isolated Raffaelea sp. from other P. semigranosus specimens from the same
forest and characterised the beta-tubulin gene of these isolates (Figure: A.2). The
beta-tubulin gene was used due to reliable amplification and good qualtity of the
sequences. However, due to a mite infestation, we lost these independent isolates and
therefore base the description of the fungal symbiont of this beetle species on the
culture obtained from NSW DPI.
2.3.3 Growth rate, morphology and microscopy
The growth of all Raffaelea isolates was measured by harvesting fresh mycelium of
the subcultured isolate with a 5 mm cork borer and transferring it onto 2% MEA.
The mycelia were then incubated at six different temperatures (10 to 35 °C) with
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increments of 5 °C. After 14 days the diameter of each isolate was measured and
scanned. Morphological characterization of the isolated species was conducted using
a Nikon Eclipse microscope mounted with a Nikon D2 camera. In addition to the
observation of morphological characteristics on 2% MEA plates, slide cultures of all
isolates were prepared using a previously described technique (Riddell, 1950). For
each Raffaelea isolate the size of 50 spores and 15 conidiophores were measured when
available and the median diameter and standard deviation were calculated.
2.3.4 Ethanol response assay
Fresh fungal mycelium of all three ambrosia fungi isolated from the three Australian
platypodines as well as mycelium of the plant pathogen Quambalaria sp. isolated
from the surface of A. incompertus and confirmed with the marker ITS2 (Ihrmark
et al., 2012), was extracted with a 3 mm cork borer, placed on a piece of cellophane
on 3% MEA. The media contained ethanol that was added after the media was
cooled down to 40 °C to achieve concentrations of 1% (v/v), 2.5% (v/v) and 5%
(v/v). Sterile water was added as a control. After 14 days we measured the fresh
weight of the mycelium by scraping it from the plate and transferring it into an
microcentrifuge tube. The tube was transferred into a drying oven at 37 °C and the
dry weight was measured after 6 weeks. The effect of the ethanol concentration on
mycelium dry weight of the fungal species was tested using R 3.4.2 (R Development
Core Team 2016) by fitting a linear model using the lm() function and computing
marginal estimated means (least-square means) on ethanol concentration by species
using the emmeans package. Tukeys range test was than used for comparing the four
ethanol concentrations.
2.3.5 DNA extraction and PCR amplification
DNA from one to two week old mycelium, grown on cellophane placed over a 2 %
MEA plate containing streptomycin (100 mg/mL) and penicillin (7 mg/mL), was
extracted using the MoBio Powersoil Kit (MO BIO Laboratories, Inc., Carlsbad, CA,
USA) following the manufacturer’s instructions. Then, three fungal gene regions were
successfully amplified: ITS2 using the primers fITS7/ITS4, the beta-tubulin gene
using the primers Bt2b/T10 and the large ribosomal subunit (LSU) or the 28S rRNA
gene using the primers LROR/LR5 (Donaldson et al., 1995; Vilgalys and Hester,
1990; O’Donnell and Cigelnik, 1997). The PCR was carried out in a total volume of
10 µl containing 2 µl MyTaq buffer (including MgCl2, dNTPs, and reaction buffer),
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0.2 µl of each primer (20 pmol/µl), 5.9 µl PCR grade water, 0.5 µl (5% DMSO (V/V)) ,
0.2 µl MyTaq polymerase (Bioline, USA) and 1 µl template . The amplification cycles
were as the following: for the beta-tubulin gene an initial denaturation step at 95 °C
for 3 min followed by 36 cycles of 95 °C denaturation for 45 sec, annealing at 48 °C
for 45 sec, extension at 72 °C for 1 min and a final extension step at 72 °C for 4 min;
for the 28S rRNA gene an initial denaturation step of 92 °C for 2 min followed by 40
cycles of 95 °C denaturation for 30 sec, annealing at 55 °C for 30 sec, extension at
72 °C for 1 min and a final extension step at 72 °C for 8min; for the ITS2 region an
initial denaturation at 95 °C for 5 min followed by 35 cycles of denaturation at 95 °C
for 30 sec, annealing at 51 °C for 30 sec, elongation at 72 °C for 1 min and a final
extension at 72 °C for 8min.
PCR products were purified using the Promega KitWizard SV Gel and PCR Clean-Up
System (Promega, Madison,WI, USA) in case of strong primer dimers. Preparation
of PCR amplicons for direct sequencing involved treatment with a combination of
0.5 U Exonuclease I (New England Biolabs, Ipswich, MA, USA) and 0.25 U Shrimp
Alkaline Phosphatase (Promega), with incubation at 37 °C for 30 min, then 95 °C for
5 min. Then, the PCR products were sequenced with both the forward and reverse
primers on an Applied Biosystems 3500 Genetic Analyser.
2.3.6 Phylogenetic analyses
The obtained sequences were compared with sequences on the NCBI Database (http:
//ncbi.nlm.nih.gov) by using BLAST (Basic Local Alignment Search Tool) (Altschul
et al., 1990). Due to an insufficient number of Raffaelea ITS2 sequences in the NCBI
database we utilized the 28S rRNA and beta-tubulin genes for phylogenetic analyses.
Homologous sequences from within the Ophiostomatales were used to place the Aus-
tralian Raffaelea species in a phylogenetic context (Suppl. Table1). Sequences were
aligned using the online version of MAFFT (Katoh et al., 2017) with the G-INS-1
method and the alignment was visualized in Seaview (Galtier et al., 1996) to check
and correct the alignment by eye. For the beta-tubulin gene we used the exons 3,
4, 5 and 6 (de Beer and Wingfield, 2013; DiGuistini et al., 2011; Yin et al., 2015)
to build the phylogenetic inferences, and for LSU the entire gene region was used.
We concatenated both gene alignments using Geneious and used Partitionfinder 2 to
obtain the best partition scheme and substitution models for both genes using the
codon positions for the protein-coding gene. Maximum-Likelihood inferences (ML)
were computed using IQ-Tree (Nguyen et al., 2015) with 1,000 bootstrap replicates
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using UFBoot (Minh et al., 2013). The tree was generated using the python API
ETE3 (Huerta-Cepas et al., 2016).
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2.4 Results
We successfully isolated Raffaelea from 20 of the 72 A. incompertus beetles, with
Raffaelea sp. comprising 8.7% of all colony forming units (CFUs) and these were
also confirmed by sequence analysis. Furthermore, we grouped other isolates into
a Raffaelea-like morphotype without sequencing them, and together with Raffaelea
these comprised 21.5% of all CFUs. In addition, in the quest of identifying Raffaelea
sp. via sequencing we obtained for some fungal isolates BLAST search hits to fungi in
the genus Quambalaria and other fungal pathogens. Due to the large number not all
fungal isolates were characterised by sequence analysis and these fungi were grouped
into an unidentified category (Table: 2.2).
Table 2.2: Isolation of different fungi from Austroplatypus incompertus across three
different forest sites in New South Wales. The number of beetles represent the indi-
viduals from which particular fungi were isolated. Some individuals delivered more
than one fungal species, while from other beetles no fungi were isolated. In total we
isolated fungi from 50 out of 72 beetles.





















































2.4.1 Molecular characterisation of the Raffaelea isolates
Sequence analysis of the 28S rRNA and beta-tubulin genes resulted in the detection
of three distinct Raffaelea species, which were later named Raffaelea kentii sp. nov.
from A. incompertus, Raffaelea kilii sp. nov. from P. subgranosus, and Raffaelea
spirulatus sp. nov. from P. semigranosus.
2.4.2 Phylogenetic analysis and placement of the three new
Raffaelea species
The phylogenetic analysis of the concatenated 28S rRNA and the beta-tubulin genes
showed that Raffaelea is polyphyletic, with the Raffaela sulphurea complex residing
in Leptographium sensu lato (100% ML bootstrap) and Raffaelea sensu stricto be-
ing the sister clade (96% ML bootstrap). All isolates from Australian platypodines
grouped within the Raffaelea sensu stricto clade (Figure: 2.2). The culture DAR82893
(Raffaelea spirulatus sp. nov.) isolated from P. semigranosus was closely related to
Raffaelea albimanens previously isolated from the surface of Crossotarsus externeden-
tatus found in Ficus sycomorus (sycamore fig) in South Africa (Scott and Du Toit,
1970) with a node split of 100%. The Raffaelea isolates from P. semigranosus and
P. subgranosus formed a clade. The three isolates from P. subgranosus (DAR 50137,
DAR 50136 and DAR 34208) were diverged from three isolates from A. incompertus
(CMW 49901, CMW 49902, CMW 49903) with a ML bootstrap support of 100%. Fur-
thermore, the isolate DAR34208 was very similar (with few SNPs) and was therefore
considered a variant of the isolates DAR 50137 and DAR 50136. The three isolates
obtained from A. incompertus collected from E. pilularis across three different sites
were identical to each other in all three gene amplicons. Interestingly, a Raffaelea
sp. isolate from A. incompertus inhabiting E. piperita (CMW50197) had a one base
pair substitution in the beta tubulin gene, compared to other Raffaelea isolates of A.
incompertus while still being part of this clade. All new species of Raffaelea s. str.
possessed the complete set of the beta-tubulin introns 3, 4 and 5, and the isolates
from P. subgranosus and A. incompertus formed a distinct clade within Raffaelea s.
str. (95% ML bootstrap). The sequence matrix for the 28S rRNA and beta-tubulin
genes will be deposited in TreeBASE. Furthermore, the beta-tubulin gene sequences
obtained from the additional fungal isolates from P. semigranosus that were then
lost to a mite infestation confirmed the presence of R. spirulatus in these beetles, but
also delivered an additional new beta-tubulin sequence suggesting further Raffaelea
diversity in P. semigranosus as well.
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Figure 2.2: Phylogenetic tree based on Maximum-likelihood inference with 1000
bootstraps displaying the phylogenetic placement of the three newly described Raf-
faelea species within Raffaelea sensu stricto. A fourth species (CMW50197) has been
isolated from an individual of Austroplatypus incompertus from Eucalyptus piperita
but still requires formal description. Tree is based on two genes and a number of 1457
bp. Numbers close to nodes represent bootstrap values, scale bar represents branch










2.4.3 Growth of different Raffaelea species at different tem-
peratures and their response to ethanol
The growth for all three Raffaelea species varied; Raffaelea kentii sp. nov. from A.
incompertus grew best at 20 °C; Raffaelea spirulatus sp. nov. from P. semigranosus
and Raffaelea kilii sp. nov. from P. subgranosus both grew best at 25 °C. Further-
more, the fungal species from A. incompertus was slower growing than the other two
species and did not show any growth at 30 °C (Figure: 2.3).
The dry weight for all Raffaelea species decreased significantly with increasing ethanol
concentration in the medium. In contrast, Quambalaria sp. performed slightly better
at 1% ethanol compared to the control. Furthermore, the Raffaelea species from A.
incompertus had the lowest biomass compared other tested fungi (Figure: 2.4)
Figure 2.3: Growth rates of the different isolates, presented as the mean colony
diameter when grown at different temperatures for 14 days. Boxes represent quartiles,
and whiskers extend to show the rest of the distribution. Diamonds represent outliers.








































Figure 2.4: Response to ethanol of three Raffaelea isolates from three Australian
platypodine species and Quambalaria sp. isolated from A. incompertus. The letters
indicate the statistical difference (Tukey test) within each species.
2.4.4 Taxonomy
Raffaelea kentii sp. nov. Robert Mueller and Wilhelm de Beer
Etymology: The epithet kentii refers to the entomologist Deborah S. Kent, who
dedicated part of her career to the research of A. incompertus and other Platypodinae
in Australia.
Diagnosis: Conidiogenous cells 14.52 µm(±22.5) × 1.81 µm(±0.31), hyaline, some-
times irregular; conidia either at conidiogenous cell apex or sessile and lateral; coni-
dia globose to ovoid 5.22 µm(±0.7) × 2.73 ( ± 0.35), and elongate 8.73 µm(±1.36) ×
2.32 µm(±0.35), oval truncated at base, hyaline, yeast-like budding. Hyphae showed
anastomosis like features (hyphal fusions).
Type: Australia: New South Wales: Termeil State Forest, cultured from A. in-
compertus collected from E. pilularis, April 2016, Robert Mueller and Shannon M.
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Smith (CMW49903 holotype; CMW 49903 ex-type culture); additional specimens
examined: CMW 49901, CMW 49904.
Description: Colonies vary in colour between populations of isolation. On MEA
plates all are initially cream coloured and change from cream to dark green with age.
After 14 days in the dark, the colony diameter was 24.06 (±3.4) mm at the opti-
mal growth temperature of 20 °C; 13.6 (±4.7) mm at 25 °C; no growth occurred at
35 °C. Conidiogenous cells were hyaline, micronematous, with conidia forming at the
apex, occasionally sessile and lateral. Conidia produced were single, aseptate, hyaline,
globose to ovoid, sometimes elongate, and often truncated at the base, 5.22(±0.7) ×
2.73(±0.35) m round spores, elongate spores 8.73 µm(±1.36)×2.32 µm(±0.35). Coni-
dia produced budding cells. Sexual morph unknown.
Figure 2.5: Raffaelea kentii (CMW49903) Top left: morphology when grown at 20
°C (scale bar = 1 cm); top right and bottom left: hyphal bridges and hyphal fusions;
elongated spores formed at the tip of the hyphae; bottom right: elongated and ovoid
spores (scale bars = 10 µm).
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Raffaelea kilii sp. nov. Robert Mueller and Wilhelm de Beer
Etymology: The epithet kilii refers to forest pathologist Glen A. Kile who isolated
this fungus and published key studies of fungal associates of P. subgranosus, the vector
of Davidsoniella (formerly Chalara) australis (Microascales) causing myrtle wilt in
Nothofagus cunninghamii.
Diagnosis: Conidiogenous cells 14.22 µm(±8.28) × 2.57 µm(±0.36), hyaline, conidia
either at conidiogenous cell apex or sessile and lateral; conidia globose to ovoid,
6.097059(1.22) 4.71(0.45) m, oval truncated at base, hyaline, yeast-like budding.
Type: Australia: Tasmania, Arve Valley, cultured from P. subgranosus, 1982, Glen
A. Kile (DAR50136 holotype; DAR 50136 ex-type culture); additional specimens
examined: DAR 50137, DAR 34208.
Description: Colonies initially cream coloured, varying with age from cream to light
green on MEA plates; reverse subhyaline. After 14 days in the dark, colony diameter
was 39.94 (±1.18) mm at the optimal growth temperature of 25 °C; 32.50 (±1.44) mm
at 20 °C; no growth occurred at 35 °C. Conidiogenous cells hyaline, micronematous,
with conidia forming at apex, occasionally sessile and lateral. Conidia produced
singly, aseptate, hyaline, globose to ovoid, sometimes elongate, and often truncated
at base, 6.1 µm(±1.22) × 4.71 µm(±0.45). Conidia produced budding cells. Sexual
morph unknown.
Raffaelea spirulatus sp. nov. Robert Mueller and Wilhelm de Beer
Etymology: The epithet spirulatus refers to the mycelium forming spiraling hyphal
structures in culture.
Diagnosis: Conidiogenous cells 16.37 µm(±12.29) × 1.95 µm(±0.75), hyaline, some-
times irregular; hyphae form spirals with conidia at conidiogenous cell apex; conidia
globose to ovoid, 5.41 µm(±0.77) × 4.72 µm(±0.71), oval truncated at base, hyaline,
yeast-like budding.
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Figure 2.6: Raffaelea kilii (DAR50136) Top left: morphology when grown at 25°C
(scale bar = 1 cm); top right: yeast-like cells with elongate to ovoid cells; bottom
left: hyphae with elongated and ovoid conidia at the tips; bottom right: ovoid conidia
fromimg from hyphae (scale bars = 10 µm).
Type: Australia: New South Wales: Bondi State Forest, cultured from P. semigra-
nosus collected from dead Pinus radiata, October 2015, Angus Carnegie (DAR 82893
holotype; DAR 82893 ex-type culture);
Description: Colonies initially cream, varying with age from cream to dark green
on MEA. After 14 days in the dark, the colony diameter was 34.61 (±0.60) mm at
the optimal growth temperature of 25 °C ; 28.33 (±1.30) mm at 20 °C; no growth
occurred at 35 °C. Conidiogenous cells hyaline, with conidia forming at apex. Conidia
produced singly, aseptate, hyaline, globose to ovoid, and often truncated at base,
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5.41 µm(±0.77) × 4.72 µm(±0.71). Conidia produced budding cells. Sexual morph
unknown.
Figure 2.7: Raffaelea spirulatus (DAR82893). Top left: morphology and colour of
mycelium in culture at 25 °C (scale bar = 1 cm); top right: spiral pattern of hyphae
and conidia formed laterally; bottom left and right: hyphae form spiral patterns and
have ovoid conidia at the tips (scale bars = 20 µm).
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2.5 Discussion
Ambrosia beetles are one of the oldest animal lineages that evolved the ability to farm
fungi as their primary food source 50 to 90 million years ago (Farrell et al., 2001;
Jordal, 2015; Vanderpool et al., 2017). In contrast to one of the two ambrosia beetle
subfamilies, Scolytinae, the other ambrosia beetle subfamily Platypodinae is sub-
stantially older and may have evolved fungal farming prior to Scolytinae. Therefore,
Platypodinae are likely the oldest lineage of fungal farmers (Vanderpool et al., 2017).
However, the evolutionary ecology of Platypodinae is not yet fully resolved. It has re-
cently been demonstrated that two Australian-endemic species are ancient monotypic
genera; N. elongatus is basal to the Platypodinae tribe Tesserocerini, and A. incom-
pertus is basal to the tribe Platypodini (Jordal, 2015), confirming that Australasia is
an important source for Platypodinae diversity. Our study is first to investigate the
fungal associates of three platypodine species from Australia, including the ancient
lineage A. incompertus, and more derived P. semigranosus and P. subgranosus.
We demonstrate that Raffaelea ssp. are fungal associates of these three Australian
species, and describe three new Raffaelea species. The genus Raffaelea is commonly
associated with ambrosia beetles in the subfamily Platypodinae (Table: 2.1). How-
ever, several studies have found that ambrosia beetles can be associated with different
Raffaelea species throughout their range (Ceriani-Nakamurakare et al., 2016; Inácio
et al., 2008; Li et al., 2018b; Scott and Du Toit, 1970).
For A. incompertus we predominantly isolated Raffaelea kentii sp. nov. from spec-
imens emerging from E. pilularis across three geographically distant sites, while we
also found a diverged Raffaelea sp. from E. piperita tree at one of these three sites.
For P. semigranosus and P. subgranosus we were only able to access fungal isolates
that have previously been obtained from beetle specimens collected at one site per
beetle species. This approach resulted in the description of R. spirulatus sp. nov.
from P. semigranosus and R. kilii sp. nov. from P. subgranosus with a sequence
variant also found for the latter. Whether these beetle species are associated with
more Raffaelea species will require further investigation in the future. Using mi-
crobiological isolation techniques such as plating of fungal washes from beetles, or
plating of myangial tissues may bias the results due to high intraspecific competition
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on the plate, and the media used may select for certain fungi. That said, a possi-
ble biological reason for a limited diversity of fungal symbionts in A. incompertus
could be its unusual life history as a long-lived beetle that inhabits the same gallery
over a substantial period of time, together with its symbiotic fungus and without
noticeably affecting tree health. This indicates an environment that should be fairly
stable through longer time periods and may not allow a rapid a succession of different
Raffaelea species and other fungi within a gallery.
For P. semigranosus and P. subgranosus the hypothesis of multiple associated Raf-
faelea species, due their shorter life cycles seems more plausible, since other studies
revealed that there is succession of fungal species within one gallery of scolytine
ambrosia beetles, which might be due to the short inhabitation of these galleries
(Biedermann et al., 2013).
The Raffaelea species associated with A. incompertus and P. subgranosus are closely
related, and form a Australasian clade. However, R. spirulatus sp. nov. is a closely
related species to Raffaelea albimanens. This fungus was isolated from Crossotarsus
externendatus collected from an African sycamore fig in South Africa; however this
beetle species may have originated from the oriental region (Beaver and Liu, 2013)
from where it may have accidentally been introduced by humans. As a side note,
the P. semigranosus specimens were collected from Pinus radiata struck by lightning
(A. Carnegie, personal communication) and this constitutes a new host tree record
to the many host tree species that this beetle can develop in (J. Bickerstaff, personal
communication).
We tested ethanol sensitivity for the three new Raffaelea species from Platypodinae
and found that all three fungi are negatively impacted by ethanol, and, in contrast
to Scolytinae, ethanol might not play an important selective role in the evolution of
fungal farming in platypodines. However, the experiment was only conducted at room
temperature. The different fungi have different growth maxima, so the response to
ethanol might vary at different growing temperatures and this needs further testing.
In addition, we did not test if the concentration of ethanol was stable over the two
weeks.
Furthermore, phylogenetic analyses based on two genes placed the species Afroraffae-
lea ambrosiae associated with Premnobius cavipennis at the base of Raffaelea s. l.,
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yet this species had previously been suggested to be an ancestral lineage of ambrosia
fungi (Bateman et al., 2017). Other studies have already raised doubts as to whether
it is possible to draw conclusions about the origin of fungal farming in ambrosia bee-
tles based on a few marker genes (Vanderpool et al., 2017). Similarly it may not be
conclusive to interpret evolutionary history of ambrosia symbioses based on a small
sample set of beetle populations and/or species. In our study it appears that closely
related Raffaelea taxa were found across one ancient basal and two evolutionarily
more derived Platypodinae taxa. Therefore one could conclude that the evolutionary
age of an ambrosia beetle species may not necessarily mean that it is also associated
with an ancient ambrosia fungus. It will be particularly important to obtain more
information about the fungal association of many lineages, including basal lineages,
and for many populations of individual beetle species. For example a wider analysis
of the microbial communities of A. incompertus across its range will reveal how con-
served its microbiome is. Besides A. incompertus included in this study, the fungal
associates of the basal species N. elongatus of the Platypodinae tribe Tesserocerini
should also be investigated. Genome sequencing efforts of fungi isolated from am-
brosia beetles (Vanderpool et al., 2017) and the discovery of more fungal associates
of these interesting group of insects might shed light on the mysteries in the oldest
fungus farming clade of insects.
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Chapter 3
Microbial communities of the
uniquely eusocial ambrosia beetle,
Austroplatypus incompertus,
exhibit structure at small spatial
scales and overlap in composition
at large spatial scales
3.1 Abstract
Fungal farming in insects is a form of agricultural practice similar to the one per-
formed by humans. It evolved independently in members of three major insect orders:
attine ants, macrotermitine termites and ambrosia beetles. The microbial diversity
and mechanisms shaping fungal symbioses are less studied in ambrosia beetles than
in ants and termites. Ambrosia beetles belong to two weevil subfamilies, Platypodi-
nae and Scolytinae, and derive their nutrition entirely from farming symbiotic fungi.
Platypodinae evolved about 90 million years ago, and possibly constitute the oldest
lineage of fungal farming insects. Australian endemic Austroplatypus incompertus is
a basal lineage within the tribe Platypodini. It is the only eusocial beetle species and
one amongst few ambrosia beetle species to develop in living trees without noticeably
affecting tree health. Despite this unique biology, little is known about its microbial
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interactions. Its fungal symbiont, Raffaelea kentii, has recently been described. Here
we characterised the microbial communities of A. incompertus within its distribution
spanning approximately 1,000 km along the Great Dividing Range. We used targeted
PCR to detect the primary fungal symbiont and high-throughput DNA sequencing to
characterise fungal and bacterial communities of beetles emerging from individual gal-
leries, each established by a foundress female and her offspring, across trees and sites.
Our aim was to understand the relative importance of beetle characteristics (genetic
relationship and presence of R. kentii) and habitat variation (tree characteristics and
spatial positions) on beetle-associated microbial communities. The spatial position
of the colonised trees within sites was a strong predictor for the microbial commu-
nity composition and structure. The northernmost A. incompertus population with
a distinct mitochondrial lineage harboured microbial communities that were indistin-
guishable from populations further south. Furthermore, R. kentii was not detected in
all beetles but this did not influence the other microbiota. It still remains to be tested
whether family relatedness and bacterial diversity influence the microbial community
structure across galleries.
3.2 Introduction
The symbioses between insects and microbes are ubiquitous and diverse. Microbes
play an important role in insect biology, for example, by providing a nutritional
benefit, allowing niche utilization, conferring a competitive advantage, or defending
hosts from external biotic or abiotic factors (Gibson and Hunter, 2010; Feldhaar,
2011). The complexity of microbial symbioses in fungal farming insects is particularly
fascinating because it can involve several phylogenetically-diverse species.
The symbioses of fungus-farming ants (Attinae) are intricate as they involve mutu-
alistic and parasitic fungi as well as symbiotic bacteria. Attine ants depend on fungi
within the Leucocoprineae (Basidiomycota: Agaricales) (Mueller et al., 1998; Schultz
and Brady, 2008). However, Escovopsis fungi (Ascomycota: Hypocreales) can para-
sitise and outcompete the ant-grown fungus and, as a consequence, decimate entire
ant colonies. Some Actinobacteria associated with attine ants can produce antibi-
otics to deter the growth of Escovopsis (Currie et al., 2003; Li et al., 2018a). The
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highly eusocial behaviour of ants might have contributed to the evolution of this in-
triguing fungal farming system. Other highly eusocial insects have also evolved the
ability of fungal farming, as seen in termites of the Macrotermitinae. These termites
are dependent on Termitomyces species (Basidiomycota: Agaricales) (Aanen et al.,
2002; Aanen and Boomsma, 2006), but their interactions with other microbes are less
known. Ambrosia beetles are a third group of fungal-farming insects.
In contrast to the monophyletic groups of Attinae and Macrotermitinae, ambrosia
beetles consist of two more distantly related subfamilies of weevils, the Scolytinae and
the Platypodinae (Farrell et al., 2001; Hulcr and Stelinski, 2017; Jordal et al., 2011).
The Scolytinae include both bark and ambrosia beetles, with the latter depending
entirely on consumption of farmed fungi throughout their entire development. Scoly-
tine ambrosia beetles are fairly well studied, display several transitions from asocial to
subsocial life histories and an ability to farm Basidiomycota and Ascomycota species
(Batra, 1966; Biedermann and Taborsky, 2011; Kasson et al., 2016; Kirkendall et al.,
1997). In contrast very little is known about the Platypodinae (or pinhole borers)
that are exclusively considered as ambrosia beetles. This subfamily is believed to be
the oldest fungal farming group of insects, with an estimated age of approximately
86 million years (Jordal, 2015; Vanderpool et al., 2017).
So far, species in the subfamily of Platypodinae have been found to only farm fungi
within the Ascomycota and the . The subfamily is split into three tribes: Schedlarini,
Tesserocerini and Platypodini (Jordal, 2015). The latter tribe contains a basal species,
Austroplatypus incompertus, the only known eusocial beetle with several other distinc-
tive characteristics (Jordal, 2015; Kent and Simpson, 1992). Individuals of this species
have been estimated to survive in living trees for up to 40 years without recognisably
affecting tree health (Smith et al., 2018). The dispersal of ambrosia fungi within and
between galleries across trees is completely reliant on ambrosia beetles. In contrast,
the symbiotic fungi of fungal farming ants and termites are not exclusively dispersed
by their insect partners, but they can be dispersed as spores by other vectors and
environmental factors (Mikheyev et al., 2006; Nobre et al., 2011; van de Peppel et al.,
2018). Ants and termites can actively manage their fungal gardens, however, it is
mostly unknown how ambrosia beetles protect their fungal gardens from parasites
(Mueller and Gerardo, 2002). So far, it has only been demonstrated for a scoly-
tine bark beetle species, the southern pine beetle Dendroctonus frontalis, that its
associated actinomycetes can suppress a competitive fungus that invades its primary
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fungal symbiont (Scott et al., 2008). Symbiotic microbial communities of ambrosia
beetles are shaped by several factors, including the hosts, the hosts interactions with
other species as well as the environment (Foster et al., 2017). Overall, the microbial
communities of insects are dynamic, interactive and can consist of several fungal or
bacterial taxa (Aylward et al., 2014; Batra, 1966; Kostovcik et al., 2015).
Considerable research has been performed on the isolation and characterisation of
the primary fungal symbionts of ambrosia beetles (Simmons et al., 2016; Dreaden
et al., 2014; Bateman et al., 2015; Li et al., 2018b). Ambrosia beetles can carry their
primary fungal symbiont in specialized structures known as mycangia. These can be
found in different beetle body regions such as the mouthparts, the thorax, the wings
or legs (Francke-Grosmann, 1967). However, the overall factors that determine the
fungal and bacterial communities of ambrosia beetles have not been extensively stud-
ied. Previous studies of microbial community composition and structure in ambrosia
beetles were mostly performed on beetles trapped with flight interception traps, and,
therefore, with limited control of beetles origin from particular galleries (Kostovcik
et al., 2015; Bateman et al., 2017).
Here, we aimed to investigate the fungal and bacterial communities associated with
the eusocial platypodine A. incompertus within its distribution in eastern Australia.
This species is basal to the platypodine tribe of Platypodini, and is a specialist of
Eucalyptus trees (Kent, 2008a). It is recognized as the only eusocial beetle. A sin-
gle mated foundress establishes a gallery within healthy trees, together with non-
reproductive female offspring (Smith et al., 2018). A previous study by Smith (2013)
detected phylogeographic structuring across populations, with the most northern
tested population (Kerewong State Forest in northern NSW) carrying a distinct mi-
tochondrial haplotype that differed by 10% from haplotypes in southern populations.
Therefore, we tested whether these phylogeographic patterns influence the microbial
communities. Furthermore, we have previously isolated and described the fungal sym-
biont Raffaelea kentii (Ascomycota: Ophiostomatales) from this species (Chapter 2).
Here, we characterised the overall fungal community associated with this beetle. We
were also interested in the bacterial associates and expected to find relatives of bac-
terial taxa with known antimicrobial properties. The unique life history of eusocial
A. incompertus families developing in galleries formed by a single female and her fe-
male offspring in living and healthy trees enabled us to investigate genetic, ecological
and environmental factors that influence the microbial community composition and
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structure. Here we investigated the influence of host tree species, host tree diameter
and spatial distribution within each site. We expected to find a core microbiome with
little variability across different populations, mostly defined by transmission within
beetle families and a weaker influence of ecological and environmental factors.
3.3 Material and methods
3.3.1 Beetle collection and metadata
We collected specimens of A. incompertus from living host trees across its distribution
in mesic Eucalyptus forests of New South Wales, Australia (Figure: 3.1) from April
to May in 2016 and 2017. We used micro-cages attached to the access holes of beetle
galleries (they act both as entry and exit holes) and checked the cages for emerging
beetles every 2-3 weeks. These micro-cages consisted of a brass-wire tube (35 mm x
55 mm; mesh size=2mm) fixed to the tree and covered by gauze (mesh size=0.3mm).
We placed emerging beetles into clean 2 mL microcentrifuge tubes and stored them at
4 °C while transported to the laboratory. There, we separated live from dead beetles
and sorted females from males based on the presence of mycangia on the prothorax
and spines on the elytral declivity in females (Kent, 2010). Then, we stored the
beetles at -80 °C until DNA extraction. In total we analysed 154 beetle specimens
collected from several Eucalyptus species (Table: 3.1). From each site, we included
beetle specimens from at least one host tree species, and each host tree species was
represented by one to four trees. From each tree, emerging beetles were collected from
one gallery and, consequently, beetles emerging from this one gallery were expected
to be siblings (Smith et al., 2018). For five of the six sites we analysed three to five
females and one male per gallery. From the Mount Wilson site we had fewer females
available. Furthermore, we collected metadata for each tree (Table: 3.1), including
host species identity (if available), host tree diameter (DBH), tree GPS coordinates,
and altitude.
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Figure 3.1: Collection sites for Austroplatypus incompertus in New South Wales,
Australia.
3.3.2 DNA extraction and sequencing
We extracted DNA from 154 beetle specimens (Table: 3.1) using the DNeasy Power-
Soil Kit (Qiagen) following a modified protocol. Whole beetles were first ground in
the provided bead tubes with 60 µl C1 Buffer. Then, 4 µl proteinase K (20 mg/mL,
Qiagen) was added and incubated for 3 hours at 96 °C. After this, samples were
treated as per manufacturer’s protocol. DNA was eluted in 50 µl ultrapure water and
the DNA concentration was measured using Nanodrop and Qubit. In addition, two
extractions of ultrapure water were performed without any tissue to control for any
contamination in the kit reagents or purified water (Salter et al., 2014). Furthermore,
two mock communities were prepared to account for the detection success of micro-
bial symbionts and the correct taxonomic classification. The fungal mock community
contained DNA of a R. kentii isolate from A. incompertus (65%), Quambalaria sp.
(20%), Sistotrema sp. (5%), Dothideomycetes sp. (5%) and Candida sp. (5%). For
the bacterial mock community the DNA extract of the psyllid Cardiaspina sp. from
Eucalyptus moluccana with a previously characterised bacterial symbiont community
was included (Morrow et al. 2017). All 158 samples were sequenced with an Illu-
mina Miseq 300 paired end amplicon approach, using the primers fITS7/ITS4 for the
fungal ITS2 region and primers 341F/805R (Sinclair et al., 2015) for the bacterial
16S rRNA gene (Sinclair et al., 2015; Ihrmark et al., 2012). The library preparation,
quality control, clean-up and sequencing were performed at the Next Generation Se-
quencing (NGS) facility of Western Sydney University.
43
3.3.3 Detection of the symbiotic fungus of Austroplatypus
incompertus
The ITS region of Ophiostomatales is GC rich and therefore difficult to amplify.
Other studies have shown that detection of Raffaelea and other known fungal sym-
bionts can be weak or unsuccessful (Kostovcik et al., 2015), and we expected that it
would be difficult to demonstrate the presence of Raffaelea in our amplicon sequenc-
ing approach. Therefore, we designed species-specific primers based on sequences ob-
tained from previously isolated cultures of R. kentii (Chapter 2) using the online tool
Primer3. As input sequences we used the beta-tubulin gene (primers: Bt2b/T10) and
translation elongation factor 1-alpha gene (tef1) (primers: EF1-1018F/EF1-1620R)
(Stielow et al., 2015) of the isolate CMW44903 (Dorrigo National Park). We also used
the online tool PrimerDesign-M, which designs primers based on a multiple sequence
alignment. As the input alignment we used tef1 sequences of Raffaelea from A. incom-
pertus, Platypus semigranosus and Platypus subgranosus (Chapter 2). Furthermore,
we designed the primer RAFF1-BT manually using the sequence alignment of the
beta-tubulin gene of all R. kentii isolates (Table: 3.2). For each primer set we carried
out a temperature gradient PCR to determine the optimal annealing temperatures
using R. kentii as a positive control. The final PCR was carried out in a total volume
of 10 µl including 2 µl of 5x MyTaq Red buffer (with MgCl2, dNTPs, and reaction
buffer), 0.2 µl of each primer (20 mM), 5.9 µl PCR grade water, 0.5 µl (5% DMSO
(V/V)) , 0.2 µl (1 U) MyTaq Red polymerase (Bioline, USA) and 1 µl template DNA
from whole beetle extracts. The PCR cycles for the temperature gradient were as
follows: an initial denaturation step of 94 °C for 4 min, followed by 35 cycles of 94
°C for 45 sec, an annealing temperature gradient (in 5 °C steps from 50 °C to 65 °C)
for 30 sec, a elongation step at 72 °C for 1 min, and a final extension at 72 °C for
4 min. The PCR products were sequenced on an Applied Biosystems 3500 Genetic
Analyser and compared with the previously obtained sequences of R. kentii. For the
screening of R. kentii in all beetle samples, we chose the primer pair Raff7 which had
the strongest band and best amplification results at an annealing temperature of 55
°C.
44
Table 3.1: List of Austroplatypus incompertus specimens. Beetles were collected
from different Eucalyptus species (some of known, others of unknown species identity).
Trees were labeled with numbers (1-17) and galleries are labeled with letters (A-E).















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.2: List of forward (-F) and reverse primers (-R) primers for beta-tubulin


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3.4 Phylogeographic analysis of Austroplatypus incomper-
tus
To assess haplotype diversity and to infer the phylogeography of A. incompertus we
amplified the mitochondrial cytochrome oxidase I (COI) region of all beetle specimens
that were submitted to amplicon sequencing. PCR reactions were carried out in a
total of 10 µl containing 6.4 µl of PCR grade water, 2 µl of 5x MyTaq Red buffer,
0.2 µl of each primer (20 mM), and 0.2 µl (1 U) of MyTaq Red (Bioline), and then 1 µl
of template DNA. The COI primer pair was LCO1490/HCO2198. The amplification
conditions included five cycles with denaturation at 94 °C for 1.5 min, annealing at
45 °C for 1.5 min and extension at 72 °C for 1 min. Then 35 cycles of denaturation
at 94 °C for 1.5 min, annealing at 51 °C for 1.5 min and extension at 72 °C for 1 min,
followed by a final extension at 72 °C for 5 min. Stop codons in the amino acid reading
frame (indicative of nuclear copies of mitochondrial genes; NUMTs) were detected in
individuals from Termeil. Therefore, primers S1718 and A2411 (Jordal et al. 2011)
were used to amplify a COI fragment that overlaps with the LCO1490/HCO2198
fragment. The amplification cycles were as outlined in Jordal et al. (2011): 3 min of
initial denaturation at 94 °C, followed by 40 cycles of denaturation at 94 °C for 30
sec, primer annealing at 46 °C for 60 sec, extension at 72 °C for 60 sec, and a final
extension at 72 °C for 10 min. PCR products were sequenced with the forward primers
on an Applied Biosystems 3500 Genetic Analyser. Sequences were then aligned using
the online version of MAFFT (Katoh et al., 2017) with the G-INS-1 method and
the alignment was visualized in Seaview (Galtier et al., 1996) to check and correct
the alignment by eye. Maximum likelihood inferences (ML) were computed using IQ-
Tree (Nguyen et al., 2015) with 1,000 bootstrap replicates using UFBoot (Minh et al.,
2013). As an outgroup we choose the COI sequence of Platypus cylindrus (GenBank:
KP297974; Bellahirech et al., 2016).
3.3.5 Processing of the fungal ITS2 and 16S rRNA gene am-
plicons
The sequence analysis was performed using QIIME2 2018.6. Raw demultiplexed
paired end reads were checked for their quality and evaluated based on the quality
drop offs in the R2 reads (Caporaso et al., 2010). Furthermore, due to the variable
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length of ITS2 (Schoch et al., 2014; Feibelman et al., 1994), the use of a paired-end
2x300 bp sequence approach can result into sequence reads that include primers which
can cause difficulties when merging the forward and reverse reads. To avoid this, we
trimmed the sequences using the plugin cutadapt in QIIME2 (Martin, 2011) which
allows the removal of the forward and reverse primers within each read. We then
filtered the reads using the DADA2 plugin (Callahan et al., 2016) and set the quality
score to maxEE of 5 for forward and reverse reads. In addition, we clustered fungi
into operational taxonomic units (OTUs) at 97% similarity, and bacteria in amplicon
sequence variants (ASVs) at 100% similarity. This step was done, because of the high
variation in the ITS2 region within species as well as the sequence cut off for poor
sequences. Sequences that were similar to each other were only assigned to different
fungal ASVs based the length of the sequence. For the fungal taxonomic assignments,
the classifier was trained on the full length ITS region from the UNITE database
(Kõljalg et al., 2005). We checked the correct taxon assignment for the samples using
our fungal control sample and the fungal ITS2 database. For the 16S rRNA gene
amplicons, due to the severe quality drop off, only the forward read was used and the
maxEE score was set to the default of 2. The bacterial classifier was trained using the
SILVA database (Silva 132) on the full 16S rRNA gene and all classifiers used a Naive
Bayes approach as outlined in (Bokulich et al., 2018). Taxon assignment was checked
using the bacterial community of a psyllid sample with a known bacterial symbiont
community (Morrow et al., 2017) and with the NCBI database. Furthermore, we
recovered the fungal mock community by extracting the amplicons and checking it
against our established database and NCBI (chapter 2).
3.3.6 Statistical analyses
First, we generated rarefaction curves using the QIIME2 diversity alpha-rarefaction
plugin for both ITS2 and 16S rRNA gene to check for sampling coverage. Following
this step, we generated abundance tables from the QIIME2 2018.6 artefacts using
Pandas (McKinney, 2010) and further analysed them with R 3.4.2 (R Development
Core Team 2016). In addition, we removed fungal sequence reads which could not be
taxonomically assigned and dominated in the northern population of A. incompertus
(Dorrigo). Samples were not rarefied because the rarefaction curves had already
plateaued after 100 reads. Abundance tables were standardised using the ‘decostand’
function with the method ‘hellinger’ in the package ‘vegan’ (Oksanen et al., 2011).
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For the alpha diversity analysis, we used the function ‘specnumber’ to obtain the
species number per site and fitted a simple linear regression model using the ‘lm()’
function to the data. After inspecting the goodness of fit, we log-transformed the
data to achieve a better fit of our model and then tested for significant differences
in species numbers between different sample sites using ANOVA. For the beta diver-
sity analysis, we used weighted classical multidimensional scaling (weighted principal
coordinates analysis) using the Bray-Curtis dissimilarity index to compute the dis-
tances for the fungal and bacterial communities. Furthermore, in order to test the
statistical significance of different explanatory variables such as beetle sex, location,
year of collection, host tree and further factors (Suppl. Table: A.1), we performed a
stepwise selection approach in both directions for the constrained distances using the
‘ordistep’ function, computing the p-values by permutation.
To determine the effect of the spatial distribution of trees on the fungal and bacterial
communities in the galleries within each site we performed a principal coordinate
analysis of the neighbourhood matrix (PCNM) (Borcard et al., 2004). A previous
study found that a northern population had a mitochondrial haplotype that was dis-
tinct from other A. incompertus populations (Smith, 2013). Therefore, we tested
the effect of beetle mitochondrial phylogeography on the community structure be-
tween the different locations. This analysis was performed with 131 beetles from
which we amplified the COI gene. We generated the phylogenetic distance matrix of
the COI sequences using the ‘cophenetic.phylo’ function the in ‘ape’ library (Paradis
et al., 2004), which computed the pairwise distances between the pairs of tips from a
phylogenetic tree using its branch lengths. This was then used to compute a distance-
based redundancy analysis to estimate phylogenetic inertia (Desdevises et al., 2003).
To determine the coordinate axes which are significant predictors for the fungal and
bacterial communities we used the previously described ‘ordistep’ function. Variance
partitioning was done as explained above with three explanatory variables: location,
host and beetle phylogeny. The shared fungal and bacterial communities were dis-




3.4.1 Detection of Raffaelea kentii in Austroplatypus incom-
pertus
In total, we detected R. kentii in 100 beetles (65%) while the remaining 54 beetles
were negative (35%). A large proportion of the negative beetles were collected from
Eucalyptus piperita in the Olney State Forest and an unidentified Eucalyptus species





















































































































Figure 3.2: Detection success for Raffaelea kentii from beetles emerging from dif-
ferent host tree species at the different sites.
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3.4.2 Population structure of Austroplatypus incompertus
across its distribution
Good quality COI sequences were obtained with primer set LCO1490/HCO2198 from
129 beetle specimens. Based on these, we established a sequence matrix of 594 bp.
For two samples from Termeil, we used the primers S1718 and A2411 which aligned
with the rest of the sequences without gaps. For 23 samples, we did not obtain good
quality sequences and therefore these specimens were removed from the phylogeo-
graphic analyses. Almost all beetles emerging from the same gallery shared the same
COI haplotypes. However, beetles from within the same galleries in E. sieberi of the
Dampier State Forest had one single nucleotide polymorphism (SNP) site. The COI
phylogeny revealed a geographic structure of A. incompertus populations, with the
northern Dorrigo population being a sister clade to the other populations. Differences
in population structure were also detected within Olney State Forest and Dampier
State Forest with node splits within these sites. The sample L20 from Dampier State
Forest was closely related to samples from Olney State Forest and sample T18 from
Termeil State Forest fell into a Dampier State Forest clade.
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Figure 3.3: Maximum Likelihood Phylogeny of the mitochondrial COI haplotypes of
A. incompertus (each haplotype is listed with a single individual that is representative
of this haplotype) based on a sequence matrix of 594 bp obtained from 131 beetles.
Platypus cylindrus was included as an outgroup. The numbers below the nodes
represent bootstrap values and the scale bar represents the branch length.
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3.4.3 Amplicon sequence analysis
The two amplicon sequencing runs generated 4,614,882 fungal ITS and 15,480,164 bac-
terial 16S rRNA gene sequence reads. After quality control, de-noising and chimera
removal, 2,818,473 fungal reads and 2,504,259 bacterial reads remained. The se-
quencing depth between samples varied between 61 and 739,356 for fungal reads, and
between 285 and 509,579 bacterial reads. The clustering produced 1,468 fungal OTUs
at 97% similarity with at least 2 reads, and 9,579 bacterial ASVs at 100% similarity
with at least 2 reads. The alpha diversity rarefaction curves showed enough sampling
depth, which plateaued for fungal OTUs at 110 reads and bacterial ASVs at 100
reads with only two samples not reaching the required sampling depth for bacteria
(Suppl. Figure: A.3). We fully recovered the expected bacterial mock community. In
contrast, R. kentii was not amplified from the fungal mock community. However, the
other three fungal taxa were recovered with an overrepresentation of Quambalaria sp.
amplicons.
3.4.4 Fungal and bacterial community structure
The analysis of the alpha diversity revealed significant differences in fungal OTUs and
bacterial ASVs between the different A. incompertus populations (Figure: 3.4). For
the fungal OTUs, Olney State Forest had a similar fungal diversity as all other pop-
ulations except for Wombeyan Caves and the most southern population in Dampier
State Forest. Furthermore, there was a difference in fungal OTU numbers between
Dampier State Forest and Dorrigo National Park. For bacteria we saw a difference
in ASV numbers in Wombeyan Caves compared to the other populations.
For the bacterial and fungal beta diversity, there was a substantial overlap in the
composition of communities across the different A. incompertus populations, and
the first two axes of the PCoA explained only a small proportion of variation (Fig-
ure: 3.5). Variation partitioning revealed that there were differences in the factors
influencing bacterial community and fungal community structure. However, the vari-
ables explaining most variation were location (sampling site), the beetle health status
(live/dead), the host tree species and the year when it was sampled (Table: 3.3).
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For bacteria the health status as well as the host tree species were significant pre-
dictors explaining a small portion of the variation, while none of the variables had a
significant effect on the fungal communities (Table: 3.3).
Table 3.3: The table list the results for the ordistep and variation partitioning.
The p-values represent the results after the correspondence-analysis followed by an
ANOVA.












































Figure 3.4: Numbers (log-transformed) of bacterial (top) and fungal (bottom) taxa
























































Fungal Communties of Austroplatypus incompertus
Figure 3.5: Beta-diversity of the bacterial and fungal communities over all sample
sites. Circles represent beetles that were PCR-negative for Raffaelea kentii, triangles
represent beetles that were PCR-positive for R. kentii.
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3.4.5 Influence of Austroplatypus incompertus phylogeogra-
phy and tree spatial structure within populations on
fungal and bacterial communities
We tested whether the phylogeographic relationships of A. incompertus may be an ex-
planatory variable for the fungal and bacterial communities between different sample
sites. COI was amplified from 131 of the 154 beetles and used for the analysis (Ter-
meil State Forest was represented by only three individuals ). This analysis revealed
that less than 1% variation in bacterial communities, and less than 2% variation in
fungal communities is explained by the phylogenetic distance.
The fungal beta diversity within each site showed a strong pattern separating each
community as a possible combined effect of gallery (or beetle family) and host tree
position, with some overlaps in some sites (Figure: 3.6). The spatial separation of
galleries or beetle families (as distance between trees) was a significant explanatory
factor for microbial community composition when looking at each site individually
(Table: 3.4). The fungal communities was particularly strongly influenced by this
spatial structure. For the sites Dampier State Forest (adjusted R2 = 0.274) and
Wombeyan Caves (adj. R2= 0.216) the spatial structure explained more than 20% of
the variation. Furthermore, the spatial structure explained up to 7% of the variation
in the fungal community in four sites. For the bacterial beta diversity we did not
detect strong patterns of separation between communities within a site. We did
not find a strong influence of spatial distances between trees as it was observed for
fungi, and we did not detect any separation, with one exception: Dampier State
Forest showed a high spatial structure that explained shifts in bacterial communities
between galleries (adj. R2 = 0.264).
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Table 3.4: The table list the results after the ordistep and variation partitioning for
each sample site, were we calculated the principal coordinates of the distance matrix
of the different trees.































































3.4.6 Taxonomic identification of fungi and bacteria
The most frequent and abundant taxa of fungi belonged to the Ascomycota and
Basidiomycota. We found taxa of both phyla in all beetles from Dampier State
Forest and Mount Wilson. Furthermore, we found Ascomycota taxa in all beetles
from Olney State Forest and Wombeyan Caves. The majority of fungi could not be
assigned to taxa at or below the family level and were therfore assigned to the king-
dom level. These unidentified fungi were also the most frequently detected. These
included multiple related taxa with similar sequences after blasting as well as dis-
tantly related taxa. Beyond these, the families of Cladosporiaceae, Phaeomoniel-
laceae, Herpotrichiellaceae and Aspergillaceae were most frequently observed, and
found in almost all beetles (Suppl. Figure: A.7). Dorrigo had the lowest relative
sequence read frequency for these observed fungal families, and Wombeyan Caves as
well as Dampier State Forest had the highest. Furthermore, we observed the ento-
mopathogenic/endophytic fungus Beauveria (Ascomycota: Hypocreales: Cordycipi-
taceae) in all sites except Dorrigo National Park, with the highest relative sequence
read frequency in Wombeyan Caves. For the bacterial taxonomy at the phylum level
the most abundant and frequent taxa were Proteobacteria, which we detected in all
beetles from all populations (Suppl. Figure: A.6). At the family level, the most











































































































































































































Fungal Community Wombeyan Caves National Park
Figure 3.6: Fungal beta diversity per site. Colour codes represent the different
Eucalyptus tree species, shapes represent individual beetles from the same galleries.
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Burkholderiales), followed by unidentified families. The family of Enterobacteriaceae
(Alphaproteobacteria) occurred most frequently in Mount Wilson and Olney State
Forest, and had the lowest observation frequency in Dorrigo National Park.
We detected 21 fungal OTUs and 29 bacterial ASVs that were shared amongst all
sites. Mount Wilson had the fewest unique fungal OTUs and bacterial ASVs. Termeil
State Forest had the highest diversity of unique bacterial ASVs and Olney State Forest
the highest diversity of unique fungal OTUs (Figure: 3.7).
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Figure 3.7: top: shared bacterial ASVs and bottom shared fungal OTUs.
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Figure 3.8: Heatmap displaying the relative frequency (equals the sum of the pres-
ence/absence in sample divided by total number of beetles per population) of fungi
on the phylum level associated with Austroplatypus incompertus
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Figure 3.9: Heatmap displaying the relative frequency (equals the sum of the pres-
ence/absence in sample divided by total number of beetles per population) of bacteria
on the phylum level associated with Austroplatypus incompertus
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3.5 Discussion
This study is the first to investigate the fungal and bacterial community composition
and structure of an ambrosia beetle species throughout its entire range, and the first
about a platypodine ambrosia beetle. It is also the first study to have analysed this
for a uniquely eusocial ambrosia beetle, A. incompertus. It highlights that replaced-
fungal and bacterialmicrobial communities are structured according to the spatial
distribution of beetle galleries in trees across the landscape while overall also indicat-
ing a surprisingly high conservation of the community composition across the entire
distribution of the beetle species. Beyond this we also demonstrated that A. incom-
pertus populations have a phylogeographic structure, with the northern population of
Dorrigo having a distinct haplotype that is similar to the haplotype found in another
northern population (Kerewong State Forest) by Smith (2013). However, this did not
impact the replacedfungal and bacterialmicrobial community composition of beetles.
Moreover, we did not detect an effect of the phylogenetic distance nor an effect of
the presence of the primary fungal symbiont, R. kentii, on the replacedfungal and
bacterialmicrobial communities of A. incompertus. For the environmental factors,
we demonstrated that the beetle live vs dead status and the host tree species had
significant effects on the bacterial communities.
The fungal community of emerging A. incompertus
The analysis of its fungal diversity revealed unidentified fungi belonging to mul-
tiple unidentified families and the families Cladosporiaceae, Phaeomoniellaceae and
Herpotrichiellaceae. The high proportion of unidentified fungi is a strong indication
for the poor representation of insect-associated taxa in fungal reference databases,
primer choice and, possibly, the unique fungal diversity within Australia. These
yet uncharacterized fungi may include unknown fungal symbionts or unique envi-
ronmental fungi which are adapted to environments of an ambrosia beetle species
developing in living Eucalyptus trees. The cosmopolitan genus Cladosporium within
the Cladosporiaceae occurs in various environments and can either be a pathogen,
parasite, or saprotroph (Bensch et al., 2012). For insects some Cladosporium species
can be entomopathogenic, while others are very abundant on the surface of insects
and may be distributed by the insects to other surfaces like plants (Sun et al., 2018;
Malacrinò et al., 2017). In an earlier study (Chapter 2) Cladosporium sp. was also
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isolated from the surface of A. incompertus suggesting a possible interaction with
this beetle species or its habitat. Overall, further research is required to determine
the unknown function of species within the Cladosporiaceae on the fungal farming of
ambrosia beetles. Another commonly found fungal family, Phaeomoniellaceae, had
previously been confirmed to occur in A. incompertus by using culture-dependent
approaches (Chapter 2). The third commonly found fungal family in A. incomper-
tus, Herpotrichiellaceae, contains mostly black yeast anamorphs and the majority of
species in this family belong to Capronia (Untereiner et al., 1995). These black fungi
are known for their ability to withstand harsh environments (Gostinčar et al., 2011)
and, therefore, might be important for this ambrosia beetle species. Interestingly we
found entomopathogenic fungi of the family Cordycipitaceae in nearly all sites with
OTUs belonging to Beauveria sp. which might be a pathogen and antagonist of A.
incompertus. Commercially available isolates of Beauveria bassiana are effective in
reducing populations of bark and ambrosia beetles like Ips sexdentatus, Polygraphus
poligraphus and Xylosandrus germanus (Castrillo et al., 2011; Steinwender et al.,
2010; Wegensteiner, 2000).
The role of the fungal families in A. incompertus and their interactions with R. kentii
have still to be established. Most studies on ambrosia beetle symbioses were con-
ducted on Scolytinae with internal mycangia. However the prothoraxal mycangia of
Platypodinae may more likely be exposed to environmental fungi, and therefore our
study is an important test for the generalisation statements often made based on
findings of the symbiotic communities of scolytine ambrosia beetles. Furthermore, it
is known that the beetle body, internal as well as external, can host multiple fungal
communities, which occur in the same niche as the primary fungal symbiont (Kostov-
cik et al., 2015). Nevertheless, the evolution of different shapes of mycangia within
the ambrosia beetles, the fungal pouches where the beetle stores their primary fungal
symbiont and secures the dispersal of fungal spores of their primary symbiont seem
to be selective (Skelton et al., 2019). However, due to the sheer difference in mor-
phology in mycangial types and the undescribed mechanisms of fungal dispersal, the
process of acquiring the primary fungal symbiont is still not described The different
morphological features on the beetles body such as cavities and hairs (Kent, 2008b)
might also play a role in how fungal spores are transported, collected and fungal
communities are shaped. The fungi detected in our study were found on the surface
of emerging beetles and can therefore potentially be distributed by A. incompertus
to new galleries. The process of the new gallery formation by the female beetles
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also has the risk of loosing the spores of the fungal partners while chewing through
the wood and the mycangia might be protecting these associated fungi. Supporting
this argument is that research shows that within the fungal gardens of ambrosia bee-
tles mostly the primary symbiont dominates (Biedermann et al., 2009; Kasson et al.,
2016). However, the fungal gardens are commonly also colonized by other fungi and
the mechanisms on how the fungal gardens are kept clean are still elusive. The pos-
sibility for the acquisition of additional symbionts is high and environmental fungi
could have functional roles in the symbiosis of ambrosia beetles.
Some of our results have to be interpreted carefully since the commonly used ITS2
primer pair did not detect the fungal partner R. kentii in the amplicon sequencing
run and therefore the relative quantification of the fungal composition in particular
relative to a key symbiont is difficult while the overall presence and relative relation-
ships of other co-occurring symbionts may be well reflected. A similar outcome was
detected in psyllids with their primary bacterial endosymbiont Carsonella having an
extremely high AT bias that inhibited its amplification when using standard bac-
terial amplicon sequencing primers (Morrow et al., 2017). Therefore application of
targeted PCR, sequencing and quantification techniques like qPCR as well as culture
dependent characterisation are crucial. Techniques like the next generation multilo-
cus sequencing typing of environmental samples using longer target sequences with
Nanopore or PacBio might be a good alternative while still expensive or difficult to
assemble and interpret (Quince et al., 2017; Teeling and Glöckner, 2012).
The bacterial community of A. incompertus
The bacterial community might be an important facilitator for ambrosia beetles to
keep their fungal gardens clean of weedy fungi so that only the primary fungal sym-
biont can survive. (Grubbs et al., 2019). In this study we frequently found Coma-
monadaceae which were previously described to occur in low abundance in larvae of
the cabbage looper (Trichoplusia ni) and eggs of non-biting midges (Chironomidae)
(Pennington et al., 2017; Senderovich and Halpern, 2012). In addition, this bacterial
family was isolated from plants like tobacco and might include common environmental
bacteria occurring in the galleries of the beetle (Brinkmann et al., 2008). The high fre-
quency of unidentified bacteria within multiple families indicates a substantial lack
of knowledge about bacteria associated with Australian beetles. Furthermore, the
function of these bacteria and other associated bacteria could not be shown, however
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this would be a future project since previously it was shown that bark beetles and
eusocial insects like ants are associated with bacteria that help in the maintenance
of pure fungal gardens (Li et al., 2018a; Klepzig and Six, 2004; Grubbs et al., 2019).
The research of ambrosia beetle microbiomes, especially within the Platypodinae, is
still in its infancy, despite being the oldest known fungal farming insects. Therefore,
there is a unique chance for researchers to extend the catalogue of known bacterial
symbionts and how these communities are shaped by investigating more basal lineages
of ambrosia beetle species.
The role of R. kentii on the microbial community of A. incompertus
Females of A. incompertus have pronotal mycangial plates with over 70 pits or my-
cangia that can contain fungal symbionts (Kent, 2008b) or other fungi with them.
While mycangia may be selective towards the primary symbiont and therefore shift
the fungal community towards the beetles primary symbiont, we wanted to test how
the presence of R. kentii influences the fungal community of A. incompertus. The
results showed that the presence of R. kentii was not a strong predictor for the fun-
gal community composition and structure on the beetles surface. However, we used
species-specific primers for the detection of R. kentii and we developed these primers
based on previously obtained isolates. Bias might be introduced by small propagule
sizes of the primary symbiont as well as the mismatching and specificity of the tested
primers. The tested beetles might have different genotypes of R. kentii or carry mul-
tiple Raffaelea species. Another possible explanation could be that A. incompertus
might just need a few spores of its primary symbiont to secure the establishment of
a new gallery, but this low titre might not be enough for the PCR detection.
Importance of environmental variables and phylogeography on microbial
community composition
Eastern Australia hosts different populations of A. incompertus and we wanted to
test the hypothesis that the phylogeographic relationship between the different beetle
populations has an effect on the microbial composition. Based on the analysis of COI
we found that the Dorrigo population has a phylogenetically distant mitochondrial
lineage than the other A. incompertus populations, and this confirmed earlier analyses
(Smith, 2013)) on a smaller dataset. However, this phylogeographic structure did not
have an effect on the microbial community composition. Instead, the sampling sites
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of beetle populations explained only a small part of the variation within the fungal
(3%) and bacterial (4%) community. This similarity of microbiomes across these
phylogeographically structured populations also indicates that there may still be a
fair amount of nuclear gene flow between populations, and this will need further
testing in the future. While the location of sampling can comprise a lot of different
variables, we looked at each location separately and could show for the first time that
the spatial structure of the trees and the beetles gallery are a strong predictor (3 -
27% of the variation explained) for the fungal composition of A. incompertus. The
location of host trees and galleries within the beetle population might inform us about
the importance of acquisition of communities influenced by either microenvironmental
factors surrounding the gallery or unique fungal community within a gallery. With the
geographical wide sampling in this study we demonstrated that it is crucial to analyse
spatial scales when analyzing the microbial community of ambrosia beetles, especially
when the acquisition of microbial partners is unknown. Nevertheless, we have to be
careful when interpreting these results, since a wide geographical sampling also comes
with significant differences in environmental factors like temperature. However, these
factors might only play a small role since the microbial taxa might be acquired within
the gallery system. The type of mycangia is also a factor contributing to this as
discussed before and more research has to be done on how A. incompertus acquires
its symbionts and focus on the communities present within the pits of the mycangia.
In conclusion, there is still substantial research necessary on ambrosia beetles, and on
Platypodinae more specifically, with a focus on how microbial associates are acquired
and what their contribution is to insect fitness.
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Chapter 4
Isolation of new Raffaelea species




bacterial and fungal communities
4.1 Abstract
The pinhole borers (Curculionidae: Platypodinae) are one of the oldest known lin-
eages of fungal farming insects. As ambrosia beetles, they are reliant on their fungal
symbionts which they cultivate in excavated galleries within trees. Australia is home
to two ancient lineages of Platypodinae with unique life histories. The horizontal
borer, Austroplatypus incompertus is the basal lineage of the Platypodini tribe and
the only known eusocial beetle. Its fungal symbiont Raffaelea has recently been
described (Chapter 2). In contrast, very little is known about the older lineage, No-
toplatypus elongatus, a basal species of the Tesserocerini tribe. Adults of this species
are hypothesized to start galleries in wounds at the base of living trees and larvae
excavate a vertical tunnel towards the top of trees where they complete their devel-
opment. It is unclear how much spatial and temporal overlap there is between adults
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and larvae within the galleries, but potentially larvae of this species do not continu-
ously feed on fungal gardens established by adult beetles, but may have to excavate
long gallery sections in the absence of adults. This also means that adults would not
introduce fungal symbionts in new gallery sections. Therefore, larvae of this species
may have different associations with microbial symbionts when compared with other
ambrosia beetles. Here, we aimed to characterise the microbiota associated with
N. elongatus for the first time. We isolated and cultivated fungi from the gut and
the surface of beetle larvae, sequence-typed them and conducted growth experiments.
Furthermore, we used culture independent next generation amplicon-sequencing tech-
niques to investigate the diversity of fungal and bacterial associates within the gut
of beetle larvae. We discovered two novel Raffaelea species and several yeast species.
We also found highly abundant bacterial taxa within the Rhodospirillales, including
one highly prevalent Gluconacetobacter bacterium. They may have beneficial effects
on the larvae that develop in nutrient poor environments and an important role in
the beetles biology. Further research is required to investigate their interactions with
the isolated Raffaelea species and their host.
4.2 Introduction
Fungal farming is the ability of animals to farm fungi as their primary food source
across all life stages (Mueller et al., 2005). This type of agricultural practice is known
from three insect orders. It evolved once each in a clade of ants and a clade of termites,
and at least sixteen times in two different clades of ambrosia beetles (Johnson et al.,
2018). In the clade Scolytinae fungal farming evolved at least thirteen times and in
Platypodinae once. The fungal symbioses of ambrosia beetles are intriguing due to
their repeated independent evolution and the sheer diversity of interactions. More-
over, ambrosia beetles are believed to be the oldest fungal farmers as they evolved
more than 80 Million years ago (Jordal 2015). In contrast to ants and termites which
provide continuously substrate to their symbiotic fungi within their nests, ambrosia
beetles cultivate fungi on tunnel walls excavated into the wood of trees (Aanen et al.,
2002; Schultz and Brady, 2008; Batra, 1985). Ambrosia beetles are a functional
but not a taxonomic grouping of weevils (Curculionidae). They include about 3,400
species of two subfamilies, Scolytinae (bark beetles) and Platypodinae (pinhole bor-
ers) (Farrell et al., 2001). Not all Scolytinae are fungal farmers, while most if not all
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Platypodinae are reliant on fungal farming (Jordal, 2015; Farrell et al., 2001). Many
of the fungal-farming Scolytinae pose a major threat when introduced to the forest
ecosystems and timber industries in different countries (Hulcr and Dunn, 2011). One
of the best known examples is Xyleborus glabratus which carries the fungus Raffae-
lea lauricola that threatens the existence of Lauraceae in North America (Fraedrich
et al., 2008; Harrington et al., 2011; Kendra et al., 2013).
Most ambrosia beetles colonize dying or dead wood and therefore have an important
role in nutrient cycling in forest ecosystems (Hulcr et al., 2007b; Kent, 2008a). Within
the Platypodinae, only a few species are able to attack living trees (Ploetz et al., 2013).
Prominent examples are Platypus quercivorus attacking oak trees in Japan (Kubono
and Ito, 2002) and Megaplatypus mutatus attacking poplar trees in South-America
(Alfaro et al., 2007). In contrast to this, only a handful of species attacking living
trees do not visibly affect tree health (Kent and Simpson, 1992; Kirkendall et al.,
1997). Two to three species occur in Australia, and constitute two basal lineages
within Platypodinae: Austroplatypus incompertus within the tribe Platypodini, and
Notoplatypus elongatus within the tribe Tesserocerini (Jordal, 2015), and possibly
the more derived species Platypus tuberculosis (D. S. Kent, personal communication).
These species are highly specialized on Eucalyptus trees, and have unique life histories,
such as the eusociality and extreme longevity of A. incompertus (Kent and Simpson,
1992; Smith et al., 2018) and the potentially unique life cycle of N. elongatus.
Based on observations, N. elongatus does not form horizontal galleries within the tree
trunk at the height of the gallery entrance(Deborah Kent, personal communication).
It is hypothesized that females enter a tree in wounds on the lower part of a tree trunk,
bore towards the heartwood and may die after oviposition. The larvae then bore a
vertical tunnel within the wood towards the top of the tree, where they complete their
galleries with pupation chambers (Deborah Kent, personal communication). Such a
life history with long vertical galleries in the wood of tree trunks has not been de-
scribed in any other ambrosia beetle species. This peculiar life history means that N.
elongatus adults and larvae may develop in spatially different sections of the tree, and
this could pose selection for different types of microbial interactions. Furthermore,
adults and larvae may develop under more extreme environmental conditions than
other ambrosia beetles, such as substantial resin flow (in particular when entering
wounded Eucalyptus trees), very low oxygen in larval galleries and plant secondary
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compounds within Eucalyptus wood. To survive such harsh environment, microbial
associates might play a key role in the biology of the beetles.
To date, all tested species within the Platypodinae are associated with fungi within
Raffaelea and Ceratocystiopsis(Ophiostomatales), and our previous work showed that
A. incompertus is no exception as it develops in symbiosis with Raffaelea kentii (Chap-
ter 2) (Li et al., 2018b). In contrast, scolytine ambrosia beetles can have more diverse
fungal symbionts (Hulcr and Stelinski, 2017; Massoumi Alamouti et al., 2009). For
N. elongatus the symbionts are yet to be described. Neither females nor males of this
species appear to have visible mycangia on the dorsal pronotal plate. Furthermore,
the gut microbiota may play an important role in beetle survival, and may include
bacteria and yeasts. These gut microbiota can be crucial for digestion of cellulose
and also have nutritional benefits for the insects (Martin, 1983). So far, yeasts have
been sparsely mentioned in the ambrosia beetle literature(Hulcr and Stelinski, 2017).
Our study had several aims. The first objective was to test N. elongatus for the
presence of any Raffaelea fungi that were previously described as known associates
of Platypodines, and to identify them. Based on the general understanding that all
Platypodinae are fungal farmers, we hypothesised to find fungi, and we expected to
find fungal species within the Ophiostomatales genus of Raffaelea. Furthermore, we
assumed that yeasts and bacteria might also have important roles in the development
of N. elongatus . Therefore, another objective was to describe the gut microbiota of N.
elongatus larvae in order to reveal new and potentially unique microbial biodiversity.
4.3 Material and Methods
4.3.1 Samples and fungal isolation
We collected N. elongatus larvae from Eucalyptus agglomerata (blue-leaved stringy-
bark) in the Strickland State Forest, New South Wales, in September 2017. Larvae
of this species were serendipitously discovered emerging from billets obtained from
the middle section of a fallen tall tree that had blocked a road (Alf Britton, personal
communication). Once the presence of N. elongatus was confirmed, three billets (A,
B, C) from the remaining lower part of the trunk (at 2 to 3 m height) were brought to
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the laboratory and larvae were extracted from each billet. For fungal isolations, we
used 5-10 larvae from each billet. First, we washed each larva in 500 µl of sterilised
water and plated 100 µl per larvae on 2 % malt extract agar (MEA) plates containing
streptomycin (100 mg/mL) and penicillin (7 mg/mL). Following this step, the larvae
were surface sterilised in pure ethanol for 3 min and then washed twice in water to
remove the remaining ethanol. Then each larva was transferred to a fresh microcen-
trifuge tube containing 500 µl of water and crushed with a sterilised pipette tip. The
mixture was then plated onto yeast extract agar (YEA) containing glucose (10 g/L),
tryptone (5 g/L), streptomycin (100 mg/mL) and penicillin (7 mg/mL). The water
from the second washes after the ethanol treatment was also spread on MEA and
YEA as a negative control. All plates were incubated at 25 °C, were checked every
week and the hyphal mass was subcultured on either MEA or YEA plates to obtain
pure cultures. In addition, we counted each colony forming unit (CFU) on each plate
prior to hyphal transfer and assigned a morphotype to the pure culture based on
morphological features such as colour, hyphal growth and density. Fungal isolates
for identified Raffaelea were deposited in the NSW DPI fungal collection. However,
due to subculturing and time issues we were not able to deposit all isolates per new
Raffaelea species.
4.3.2 Fungal DNA extraction, identification and growth ex-
periments
To extract clean DNA, mycelium of the different morphotypes was transferred onto
media (YEA, MEA) with a cellophane sheet. We incubated the fungi at 25 °C for
2-3 weeks and harvested fresh mycelium from the edges of the fungal culture and
placed it into the PowerBead tubes provided by the DNeasy PowerSoil Kit (Qiagen).
Following the manufacturer’s protocol, clean DNA was extracted from each fungal
morphotype and eluted into 50 µl water. To further characterise the morphotypes we
then amplified the large ribosomal subunit (28S rRNA gene) using the LROR/LR5
primer pair for all morphotypes (Vilgalys and Hester, 1990). Furthermore, after
confirmation of the isolates as Raffaelea, we amplified the beta tubulin gene region
using the primer pair Bt2b/T10, as well as the elongation factor 1-alpha gene (tef1)
with the primer pair EF1-1018F/EF1-1620R of these isolates (Donaldson et al., 1995;
Vilgalys and Hester, 1990; Stielow et al., 2015). The PCR amplifications were carried
out in a total volume of 10 µl containing 2 µl 5x MyTaq Red buffer (including MgCl2,
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dNTPs, and reaction buffer), 0.2 µl of each primer (20 mM), 5.9 µl PCR grade water,
0.5 µl DMSO (5% V/V) , 0.2 µl (1 U) MyTaq polymerase (Bioline, USA) and 1 µl
DNA template. The amplification cycles were for the beta tubulin gene an initial
denaturation step at 95 °C for 3 min, followed by 36 cycles of 95 °C denaturation
for 45 sec, annealing at 48 °C for 45 sec, extension at 72 °C for 1 min, and a final
extension step at 72 °C for 4 min; for the 28S rRNA gene an initial denaturation step
of 92 °C for 2 min, followed by 40 cycles of 95 °C denaturation for 30 sec, annealing
at 55 °C for 30 sec, extension at 72 °C for 1 min, and a final extension step at 72 °C
for 8 min; for tef1 an initial denaturation at 94 °C for 4 min, followed by 35 cycles of
denaturation at 94 °C for 45 sec, annealing at 52.4 °C for 30 sec, elongation at 72 °C
for 1 min, and a final extension at 72 °C for 4min.
PCR amplifications which had two differently sized bands were purified using the
Wizard SV Gel and PCR Clean-Up System (Promega, Madison,WI, USA). Puri-
fied positive PCR reactions were treated with a combination of 0.5 U Exonuclease I
(New England Biolabs, Ipswich, MA, USA) and 0.25 U Shrimp Alkaline Phosphatase
(Promega), with incubation at 37 °C for 30 min, then 95 °C for 5 min. Then, the PCR
products were sequenced with both the forward and reverse primers on an Applied
Biosystems 3500 Genetic Analyser. The sequence quality was checked using SnapGene
Viewer (www.snapgene.com), and for further identification, sequences were compared
with GenBank deposited sequences using NCBI BLAST. Isolates which were closely
related to Raffaelea were assigned to this genus and then transferred to fresh media.
Mycelial growth was measured over 14 days at three different temperatures (15 °C,
20 °C and 25 °C). Pictures of the morphotypes were taken as additional information.
4.3.3 Phylogenetic placement within the Ophiostomatales
The raw .ABI sequence files were visualised using SnapGene (GSL Biotech LLC) and
sequences were trimmed based on quality of the sequence chromatogram. Following
this step we aligned the cleaned sequences using an online version of MAFFT with
the G-INS-1 parameters and an accurate guide tree. Furthermore, the alignments
were checked by eye for any ambiguity in SeaView (Gouy et al., 2010). For the
beta tubulin gene we removed the intron regions 3, 4 and 5 prior to phylogenetic
analysis using the gene map provided by (Yin et al., 2015). For building of maximum
likelihood trees we used the software IQTree with 1000 bootstraps (Nguyen et al.,
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2015; Minh et al., 2013). This software has ModelFinder included, and as a outgroup
we chose Pedospora decipiens (Genbank: MH871065) (Kalyaanamoorthy et al., 2017).
Phylogenetic trees were drawn using the Python API ETE3 tool kit (Huerta-Cepas
et al., 2010, 2016).
4.3.4 Amplicon-sequencing of the ITS2 and 16S rRNA gene
We extracted DNA from ten N. elongatus larvae using a modified protocol as pro-
vided by DNeasy PowerSoil Kit. The first step was a surface sterilisation of the larvae,
whereby individuals were rinsed once with 1% sodium hypochlorite solution (bleach),
followed by three washes in 5% TritonX to remove any residual sodium hypochlo-
rite, and lastly washed three times in Milli-Q water to remove TritonX. Whole larvae
were then ground in the provided bead tubes with 60 µl C1 buffer. 4 µl proteinase
K was added to each extraction solution and incubated for 3 hours at 65 °C. After
this, samples were treated as per manufacturer’s protocol. DNA was eluted in 500 µl
ultrapure water and DNA quality and concentration were measured using Nanodrop
and Qubit, respectively. In addition, we performed two extractions of ultrapure wa-
ter (without any tissue) to control for contamination either in the provided buffers
or water (Salter et al., 2014). Furthermore, we prepared two mock communities to
account for the detection success of microbial symbionts as well as the right taxo-
nomic classification. The fungal mock community contained an isolate of Raffaelea
kentii isolated from A. incompertus (65%) together with Quambalaria sp. (20%),
Sistotrema sp. (5%), Dothideomycetes sp. (5%) and Candida sp. (5%). As bac-
terial mock community we used DNA extracts of the psyllid Cardiaspina sp. from
Eucalyptus moluccana with a previously characterised bacterial endosymbiont com-
munity (Morrow et al., 2017). We sequenced all 14 samples with the Illumina Miseq
300 paired end amplicon approach, using the primer pair fITS7/ITS4 for the fungal
ITS2 region and primer pair 341F/805R for the bacterial 16S rRNA gene (Sinclair
et al., 2015; Ihrmark et al., 2012). The library preparation, quality control, clean-up
and sequencing was performed at the Next Generation Sequencing (NGS) facility of
Western Sydney University.
The sequence analysis was performed using QIIME2 2018.6. Raw demultiplexed
paired-end reads were checked for their quality and critically evaluated based on
the quality drop offs in the R2 reads (Caporaso et al., 2010). Furthermore, due
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to the variable length of ITS2 (Schoch et al., 2014; Feibelman et al., 1994), the
use of a paired-end 2x300 bp sequence approach might result into sequence reads
containing both primers which can cause difficulties when merging the forward and
reverse reads. To avoid this, we trimmed the sequences using the plug-in cutadapt
in QIIME2, which allows the removal of the forward and reverse primers within each
read (Martin, 2011). We then filtered the reads using the DADA2 plug-in (Callahan
et al., 2016) and set the quality score to the maxEE 2 for forward and reverse reads.
After checking for the drop-off rate of the sequences, we clustered both fungi and
bacteria as amplicon sequence variants at a 100% similarity (ASVs). While in the
previous chapter, clustering of fungal ASVs was not possible based on the quality of
the sequence reads, we could exclude this issue in this chapter because of the very
good read quality. For the fungal taxonomic assignments, a classifier was trained on
the full length ITS region from the UNITE database (Kõljalg et al., 2005) which is
available on the QIIME2 webpage. We checked the taxon assignment using our fungal
mock community and the fungal ITS2 database. The bacterial classifier was trained
using the SILVA database (version:119, 99%) on the full 16S rRNA gene, which is
also available on the QIIME webpage. All classifiers used a Naive Bayes approach as
outlined in (Bokulich et al., 2018). Taxon assignment was checked using the bacterial
community of a psyllid sample with a known bacterial symbiont community and with
the NCBI database. We checked for sequencing depth using the alpha rarefaction
plug-in in QIIME2 and furthermore excluded the negative and mock community
sample from the microbial community analyses. In addition, we discarded microbial
taxa which occurred at high relative abundances (>40%) in the negative controls and
after checking with available literature made no ecological sense in the meaning of
host and habitat (de Goffau et al., 2018).
4.4 Results
4.4.1 Fungal isolates and growth rates
We counted a total of 902 CFUs across all plates. The CFUs were divided into 12
morphotypes. One of these had morphological features similar to Penicillium ssp.,
and we referred to it as environmental fungus. Another morphotype which was bright
yellow was not further characterised because it was overgrown by different fungi and
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we were not able to obtain a pure culture of this morphotype. The sequencing of the
remaining 10 morphotypes revealed 18 different fungal species. The largest number of
sequences were of different Raffaelea spp. which made a total of 38% of CFUs obtained
from the washes and the gut extracts from larvae (Figure: 4.1). Furthermore, from
6 samples we isolated Raffaelea ssp. from both, the gut and the washes. We also
detected yeasts like Millerozyma sp., which we found to have a larger prevalence
within the larvae (11.3%) than on the surface (3.4%). Another yeast we which was
only found within the larvae was Candida sp. (0.6%) while Pichia sp. (0.6%) was
only found on the surface.
Figure 4.1: Taxonomic assignment of the isolated fungi (902 CFUs) and their re-
spective counts. Fungi were isolated from larvae that had been surface treated, and
from the wash solution obtained when washing larvae with water.
4.4.2 Growth rate of Raffaelea isolates
In a growth experiment we tested all Raffaelea isolates. Across the three tested tem-
peratures, the highest growth rate was observed at 25 °C. Isolate NG39 (DAR83509)
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from the gut of larvae appeared to perform slightly better than the other isolates at
all tested temperatures (Figure: 4.2).
Figure 4.2: Boxplot representing the growth of isolates of two Raffaelea ssp. at
different temperatures. Boxes represent the quartiles of the data, while whiskers
extend to explain the rest of the distribution of the data. Diamonds represent outliers.
4.4.3 Phylogenetic analysis of the Raffaelea isolates
The phylogenetic analysis of the large-ribosomal subunit (LSU) revealed two dis-
tinct Raffaelea species. For each species we deposited one to three isolates in the
New South Wales Plant Pathology and Mycology Herbarium of the NSW Depart-
ment of Primary Industries (Figure: 4.3), with the collection specific accession num-
bers (DAR) in parentheses. The phylogenetic analysis showed that the isolate X18
(DAR83510) was closely related to Raffaelea canadensis and Raffaelea cyclorhipidia
with a maximum-likelihood node split of 74. The isolates NG39 (DAR83509), X21
(DAR83509) and X01 (DAR83512) as well as the majority of other Raffaelea isolates
were a sibling species to Raffaelea crossotarsa with a maximum likelihood node split
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of 83. Furthermore, sequences for isolates X(n), NG(n) and CK(n) that were not
deposited at the NSW DPI collection showed the same phylogenetic relationships
(Figure: 4.3). Both new Raffaelea spp. from N. elongatus were placed within the
same clade of Raffaelea sensu lato of the previously characterised Raffaelea spp. from
other Australian Platypodinae, including from A. incompertus. In addition, we found
two samples having both Raffaelea sp. associated with them.
Table 4.1: The sample ID consists of the three letters (NP for Notoplatypus elongatus
and A, B or C for billet ID) and the number of the individual larvae which were used.
For sample NPC5 and NPC10 we could not distinguish whether they contain Raffaelea
sp. 1 or 2 due to a poor chromatogram, which allowed only assignment to genus but
not to species.












































Figure 4.3: Maximum-likelihood phylogenetic analysis of the large ribosomal sub-
unit (LSU; 28S rRNA gene, 891bp) of fungal isolates from N. elongatus (labels in dark,
beginning with the DAR accession code as deposited in the NSW Plant Pathology
and Mycology Herbarium).
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4.4.4 Amplicon-sequencing of the 16S rRNA gene and ITS2
of N. elongatus larvae
After quality control, the NGS amplicon sequencing of the 16S rRNA gene and ITS2 of
the ten extracts of N. elongatus larvae yielded a total of 21,413 bacterial and 455,644
fungal reads. These represented 246 bacterial ASVs and 99 fungal ASVs. The highest
number of reads for any bacterial ASV was 13,291 and for any fungal ASV 422,146,
while the lowest number of sequence reads was 2 for bacterial and fungal ASVs. There
was a relatively low diversity of fungi per sample, with a maximum of 25 different
fungal ASVs in one sample. The diversity of bacteria per sample was higher, with a
maximum of 116 ASVs in one sample (Table: 4.2). The rarefaction curves indicated
that we had obtained enough sequencing depth for both microbial kingdoms.
Table 4.2: The number of sequence reads per sample and the number of unique ASVs
per sample. The sample Ne6 had only nine 16S rRNA gene sequence reads and all
of these reads were unassigned and therefore removed from the bacterial community
analysis.
































































4.4.5 Taxonomic assignment of bacterial and fungal sequence
reads
One of the ten samples, Ne6, only returned a low number of 16S rRNA gene sequence
reads, and this sample was excluded from the bacterial community analyses. Across
individual samples, the bacterial diversity was dominated by Enterobacteriales in the
samples Ne1 (37%) and Ne9 (35%) and Rhodospirillales in all other samples, ranging
between 23% (sample Ne7) to 95% (sample Ne8). The taxa within Rhodospirillales
were split into seven ASVs, including one that was with 99% of the assigned reads
the most abundant. According to a BLAST against the NCBI database this ASV
was close to a Gluconacetobacter species (97% sequence identity across the entire am-
plicon). Furthermore, other bacterial orders (Corynebacteriales, Pseudomonadales
and Solirubrobacterales) occurred in some samples at higher abundance. The taxo-
nomic assignment of the fungal ITS2 sequence reads revealed one unidentified fungus
compromising over 90% of all sequence reads in nearly all samples. This ASV could
not confidently be assigned to any taxon within the kingdom of fungi using BLAST
against the nucleotide database. Furthermore, one larva (Ne6) had a higher propor-
tion of Pleosporales sequence reads (21%) when compared to the rest of the larvae
where the fungi of Saccharomycetales (yeasts) were the second most abundant order
(1-2%).
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Figure 4.4: Barplots for the relative abundance and taxonomic assignment based on
the bacterial 16S rRNA gene (top) and the fungal ITS2 sequence reads (bottom). The
sample Ne6 had only nine 16S rRNA gene sequence reads and all of these reads were
unassigned and therefore this sample was not included in the bacterial community
analysis.
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Figure 4.5: Rarefaction curves for bacterial and fungal reads.
84
4.5 Discussion
This study was the first to investigate the fungi and bacteria associated with larvae
of the ancient platypodine ambrosia beetle N. elongatus. We demonstrated that this
species feeds on two fungi belonging to the genus Raffaelea. We detected both fungi
on the surface of bleached and within washed larvae. Furthermore, we found several
yeasts, including Millerozyma as the most frequently isolated yeast. In addition,
we identified a vast diversity of bacterial 16S rRNA gene amplicons and less diverse
fungal ITS2 amplicons.
The Raffaelea isolates belonged to two distinct species, but because we only obtained
LSU sequences, we could not formally describe them following the International Code
of Botanical Nomenclature requirements as this would also require morphologic a de-
scription and inclusion of more marker gene sequences (Seifert and Rossman, 2010).
Our previous analyses of three other platypodine species only resulted in isolation of
one Raffaelea species per beetle individual (Chapter 2). In two larvae we detected
both new Raffaelea species. Therefore, we propose that being associated with mul-
tiple species of Raffaelea could be a feature of N. elongatus that has to cope with
different environmental conditions than many other ambrosia beetles. In addition, the
two different Raffaelea isolates grouped all within the Raffaelea sensu lato clade. This
clade also includes the fungal isolates of three Australian platypodines, i.e. Raffae-
lea kentii (Austroplatypus incompertus), Raffaelea kilii (Platypus subgranosus) and
Raffaelea spirulatus (Platypus semigranosus). The unique biology of N. elongatus
(larvae develop over presumably long time periods and excavate tunnels from the
base of the tree up to the top were the adult beetles emerge), face low oxygen con-
taining environments and the need to withstand tree defences like substantial resin
flow. Furthermore, we demonstrated that the Raffaelea species are slow growing fun-
gal species under different temperatures and therefore would not rapidly deplete the
nutrients of the woody environment providing longer time frames for the beetles to
develop. However, the slow growth and harsh environmental conditions would make it
difficult for beetles to obtain all nutrients solely by feeding on these associated fungi.
Therefore, we assume that some of the larvae associated bacteria may be important
for larval development, and for the biology of this species in general. The marker
gene sets for bacterial and fungal diversity have different levels of resolution, with an
expected higher resolution for fungal diversity (Lindahl et al., 2013).
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Nevertheless, we found that the bacteria within larvae were more diverse than the
fungi. This was also found in the case of A. incompertus, while the most preva-
lent bacterial taxa belonged to the Proteobacteria (Chapter 3). The most prevalent
bacterial taxa in N. elongatus belonged to orders of Rhodospirillales (7 ASVs) and
Enterobacteriales (27 ASVs). The sample Ne6 had the highest diversity of bacterial
taxa, however it had also the fewest reads, questioning if the diversity is an artefact of
sequencing. Interestingly one ASV dominated the Rhodospirillales and after blasting
the 402 bp sequence against NCBI, it revealed a close match to the genus Gluconace-
tobacter. These acetic acid bacteria (AAB) are commonly found in insects like bees,
mosquitos, fruit flies and sugar cane mealybugs (Ashbolt and Inkerman, 1990; Cox
and Gilmore, 2007; Favia et al., 2007; White, 1921). They are obligate aerobe bac-
teria, but can also survive unfavorable environments with a low amount of oxygen
(Du Toit and Pretorius, 2002; Joyeux et al., 1984). Rather than being obligate sym-
bionts they mostly serve as secondary symbionts and can be transmitted horizontally
as well as vertically (Damiani et al., 2008). AAB can benefit the insects in several
ways including the possible ability to fix nitrogen (Crotti et al., 2010). These ben-
eficial properties may play a role in the survival of N. elongatus larvae in the harsh
woody environment buried within a tree, but have to be experimentally confirmed.
However, this might proof to be a hard to achieve since there is no confirmed way of
reproducing this beetle under laboratory conditions.
We also isolated yeasts and found them as the second most import family of fungi
associated with N. elongatus larvae. The most abundant yeast was within the genus
Millerozyma (14.7% off all counted CFUs) and was found on the surface of the larvae
as well as within larvae. The importance of these yeasts is unknown but needs further
investigation. Furthermore, the culture independent approach showed that the order
of Saccharomycetales were the second most abundant fungal order within larvae.
However, although yeasts might play a role, their low abundance in the isolation
experiments could also suggest that yeasts may have transient interactions and may
not have any effect. The same may apply to bacteria and we suggest therefore, that
future studies should investigate the effect of yeasts and bacteria on the primary




5.1 Summary of the objectives
The goal of this research was to establish a better understanding of the microbial
communities and fungal farming strategies of ambrosia beetles in Australia with a
main focus on the eusocial ambrosia beetle Austroplatypus incompertus and three
other Australian platypodine species, Platypus semigranosus, Platypus subgranosus
and Notoplatypus elongatus. More specifically, it characterised fungal and bacterial
communities of fungal farming platypodines and the environmental/ecological param-
eters that can influence the relationship between microbes and beetles.
The thesis addressed the specific questions:
What fungi does A. incompertus farm across its distribution and what fungal sym-
bionts are cultivated by other Platypodinae in Australia? Do they belong to the
genus Raffaelea?
Is the growth of Raffaelea fungi of Australian Platypodinae affected by ethanol con-
centration as recently demonstrated for fungal symbionts of ambrosia beetles where
ethanol content appears to provide a competitive advantage against environmental
fungi?
Do the fungal and bacterial communities associated with A. incompertus vary within
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and between different beetle families collected from different trees at different sites,
and are microbial community patterns explained by particular biological and ecolog-
ical variables?
What fungi do Notoplatypus elongatus larvae feed on and are the fungal and bacterial
community composition and structure in larvae?
5.2 Summary of the results
5.2.1 Fungal associates of ambrosia beetles in Australia and
their description
This study is the first to investigate the fungal associates of Australian Platypodinae
except for a study conducted on the ambrosia beetle P. subgranosus in the 1980s that
investigated the contribution of this beetle to dieback of Nothofagus cunninghamii
caused by the tree pathogenic fungus Davidsoniella australis (Kile and Hall, 1988;
de Beer et al., 2014). Therefore, the objective of the PhD thesis was to collect different
Australian Platypodinae species from forests within New South Wales and describe
their fungal symbionts, and to also characterise fungi previously isolated from P.
subgranosus and P. semigranosus. Study sites previously established by Smith (2013)
and new field sites were accessed for beetle collections. Fungi were isolated from the
surface of the beetles. Specimens of P. semigranosus were obtained from an infested
pine tree and Raffaelea was isolated from them. Furthermore, cultivated fungi of
two other platypodine species, P. subgranosus and P. semigranosus, were obtained
as isolates that had been lodged with the NSW Department of Primary Industry
Plant Pathology and Mycology Herbarium. The fungi of these two beetle species
have previously not been formerly described.
A key finding was that all three platypodine species are associated with three Raffaela
speices, and consequently these three new fungal species were described. The findings
in the context of previous work on related ambrosia beetles strongly suggest that
these Raffaelea species can be the primary fungal symbionts. However this was not
directly tested in beetle development studies because of the unique biology of these
platypodines and the inability to culture the beetle together with their symbionts.
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So far, other researchers have shown that all studied Platypodinae are associated
with a fungal species of the genus Raffaelea. Furthermore, I tested the influence
of ethanol on the growth of the different Raffaelea species based on the recently
published evidence of another study to which I contributed (included in the appendix
of the thesis), showing that ethanol added to the growth substrate of fungi provides
ambrosia fungi with a competitive advantage over environmental fungi (Ranger et al.,
2018). However, this effect was not found for the three Raffaelea species isolated from
the Australian Platypodinae, A. incompertus, P. semigranosus and P. subgranosus.
Therefore, I assume that other factors, for example, eucalypt-specific secondary plant
compounds like eucalyptol, terpenoid compounds, or anatomical traits of the wood
could play a role.
In summary, it was demonstrated that Raffaelea species are associated with platypo-
dine beetles within Australia and that in the case of R. kentii of A. incompertus there
was no genetic variation within the LSU and beta-tubulin gene regions between fungal
isolates from distant beetle populations. The cause for this may sit with the biology
of the fungus since the spores are asexually transmitted within the gallery and so far
no sexual state of Raffaelea kentii was found, the genetic markers used not having a
high enough genetic resolution, or, perhaps a more recent acquisition of this fungus
in the evolutionary history of this beetle, and rapid expansion through a selective ad-
vantage. A few other studies found the same patterns in scolytine ambrosia beetles.
For example, the fungal associates of Xylosandrus germanus and Anisandrus dispar
were found to be associated with only one species of Ambrosiella throughout Europe
(van de Peppel et al., 2018). I conclude, that further studies need to be conducted to
investigate the transmission of associated Raffaelea species, investigate the patterns
which shape the fungal gardens of ambrosia beetles and search for genetic structure
in the fungal populations between different beetle populations.
5.2.2 Microbial communities of the uniquely eusocial am-
brosia beetle, A. incompertus, exhibit structure at small
spatial scales and overlap in composition at large spa-
tial scales
The second thesis chapter investigated the community of microbial taxa associated
with Austroplatypus incompertus. I hypothesised that the different populations of
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A. incompertus would differ in their microbial communities based on the phyloge-
netic differences between the beetles of the northern and southern population of A.
incompertus, which was previously described by Smith (2013). Furthermore, I ex-
pected a shared microbiome across populations of A. incompertus, and expected it to
be confidently transmitted from one generation to the next and across populations,
while environmental variables should exert a small influence on the structure of these
microbial communities. We collected beetles as well as environmental data through-
out the beetles range in New South Wales and extracted DNA from whole beetles.
Using state of the art techniques in high-throughput sequencing, I characterized the
different microbial associates using a marker gene approach for bacteria and fungi.
The results highlight the variables shaping the community of microbial associates of A.
incompertus. The hypothesis, that the phylogenetic relationship of beetles could have
an influence on the microbial structure was not demonstrated, however we can also not
totally discard it yet because the experimental design of the study used one beetle
gallery per tree, making it impossible to entangle family relationship effects from
individual tree effects. Irrespective of this, the results demonstrate a strong pattern of
microbial communities based on the spatial distribution of trees within sites, e.g where
trees (and galleries within) are located. Unfortunately, I only sampled one gallery per
tree, so that I could not investigate the relative contributions of family relationships
within a tree, and the effects of individual trees on microbial communities in beetles
Nevertheless, with the collected data, I was able to demonstrate an effect of trees
on a small spatial scale and a shared microbial community in this beetle species
across a large spatial scale, across most of the beetles range. Furthermore, we could
demonstrate that beetles from the northern population have a distinct mitochondrial
haplotype, and therefore this species has a clear phylogeographic pattern, however
this seems to not have impacted the microbial community composition.
Another takeaway message of this study is that very few reference are available for
the taxonomic assignment of microbial taxa associated with these beetles and that
further studies have to be conducted about the taxonomic diversity and functions of
undescribed microbial taxa associated with A. incompertus. The amplicon sequencing
based approach was a good starting point to obtain a first insight into the associated
taxa at a family level of bacteria and fungi and with the use of these data, specific
primers can be designed. Other high-throughput methods like full-length 16S rRNA
gene sequencing or other approaches might also provide good alternatives.
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The investigation of yeasts in this beetle species may be particularly interesting,
to discover their diversity and function in the ambrosia symbioses as well as their
interaction with co-occuring bacteria. However, we have to be careful not to over-
emphasize the potential role of yeasts in these microbial communities since these fungi
are very common in the environment and might be therefore be randomly distributed.
5.2.3 Isolation of new Raffaelea species from larvae of the
ancient ambrosia beetle species N. elongatus with di-
verse bacterial and fungal communities
The last experimental data chapter of this thesis was conducted to establish a better
understanding of the biology and ecology of the ancient and basal tesserocerine species
N. elongatus with a particular focus on its microbial associates. We sampled larvae of
this species from one infested tree in the Strickland State Forest, New South Wales.
In contrast to A. incompertus, the presence of N. elongatus is hard to detect in
infested trees since no obvious signs like resin tubes or other signs of infestation can
be seen. Therefore this beetle species is often only discovered in felled trees that
are then processed (personal observation). Across three to four years of intensive
searching for ambrosia beetles in numerous Eucalyptus forests in New South Wales,
we only found two single trees inhabiting N. elongatus. One of these two trees was
cut into billets and dissected larvae from the tunnels for culture-dependent as well
as culture-independent methods. The other tree, a Eucalyptus scias, was located in
Olney State Forest and was not included in this study because of the small amount
of samples we could recover from this tree. We hypothesized to find an association of
Raffaelea species with the larvae of this beetle species and expected a unique microbial
community due to the particularly specialised life history of this beetle species.
This chapter shows that the investigation of Australian Platypodinae can reveal new
species of Raffaelea. We found two Raffaelea isolates, which also grouped within the
Raffaelea sensu lato clade. In contrast to A. incompertus, and as a general novelty for
ambrosia beetles, individual N. elongatus larvae had multiple Raffaelea species asso-
ciated with them. Furthermore, the microbial communities of N. elongatus revealed
a substantial proportion of unidentified fungi in the fungal community, and a high
percentage of Enterobacteriales and Rhodospirillales within the bacterial community.
For the unidentified fungi, even after blasting the ITS2 sequence we were not able
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to assign them to a family level, which either might be due to primer mismatching
or that these fungi are new species. One amplicon sequence variant was prominently
detected in the bacterial sequence run and was closely related to Gluconacetobacter.
This raises questions on the importance of this unknown fungus and these bacterial
species on the biology of N. elongatus and their interactions with Raffaelea. Further
studies have to be conducted to discovering the taxonomic identity of this other fungus
and bacteria as well as a functional profiling of these microbial species. Furthermore,
I demonstrated a high isolation frequency of yeasts in the larvae of N. elongatus
in the culture-dependent approach as well as in the amplicon sequencing approach.
Yeasts are an understudied group of fungi in the ambrosia research and therefore more
research has to be done unraveling the interaction of yeast with ambrosia beetles.
5.3 Critical discussion of the finding and their lim-
itations
For this thesis I have established methods to study the fungal associates of Australian
ambrosia beetles. My thesis contributes to a substantially improved understanding
of fungal farming in ambrosia beetles, but also highlights current limitations in the
research of these fascinating symbioses. One limitation in the description of new
ambrosia fungi was the culture dependent approach, which can contribute to a mis-
judgment of how many fungi, and in what proportions, are actually associated with
an ambrosia beetle species.We were also limited with access to equipment (incubation
chambers) for the isolates from N. elongatus and therefore could not investigate higher
temperatures above 25°C, which we would suggest for future studies. The use of one
to three different isolation media, can not possibly capture all fungi associated with
beetles. To address this we used culture-independent methods like next-generation
amplicon sequencing, however even this technique has several issues to overcome. The
main issue is the marker choice in order to capture the microbial communities.
I chose to use the generic 16S rRNA gene for bacteria and the ITS2 gene for fungi.
These are two well established gene targets, which were chosen based on the avail-
able databases and previously published literature. Especially, the ITS2 gene was
critical, because studies have shown that the ITS1 sequence in ambrosia fungi such
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as Raffaelea is hard to amplify (Kostovcik et al., 2015). I also detected this limita-
tion in my research as I was not able to detect the primary fungal symbionts, the
Raffaelea species that I have isolated from the Australian ambrosia beetles by using
culture dependent methods. Furthermore, the Raffaelea species did not amplify in
the mock-communities containing these fungi that were included as controls in the
next-generation amplicon sequencing approach. Other researchers have suggested to
use the 26S rRNA (LSU) region for fungi (Asemaninejad et al., 2016; Mota-Gutierrez
et al., 2019) to avoid this drawback. However, not every sequence facility is covering
this primer and/or may have better experience with the ITS region since it is also
a frequently used primer in the Earth Microbiome Project. In addition, while LSU
might capture Raffaelea species, this marker gene may lack the species resolution and
important community components of the ambrosia symbioses may remain hidden.
These limitations are even more visible in environmental samples, where the influence
of ecological variables like microclimate and different ecosystems may play important
roles. Controlled laboratory conditions may increase the chances of discovering the
roles of fungi and bacteria in ambrosia beetle biology, and how these beetles farm
fungi. However, in contrast to Scolytinae, for which rearing methods have been
established for a few species to study their life cycle and farming techniques of am-
brosia fungi, Platypodinae, due to their long and more concealed life history, still
lack these avenues. Therefore, the establishment of rearing methods of Platypodinae
would be a substantial progress in further elaborating how these ambrosia beetles
farm their fungi. We attempted to overcome this shortcoming by collecting exten-
sively throughout the beetles' distribution. However, this also comes with challenges
due to the overlapping and long-lived nature of generations, which made it hard to
predict which galleries would deliver beetles. This challenge was faced by the second
and third chapter where the microbiomes of A. incompertus and N. elongatus were
investigated. In the case of A. incompertus this was overcome by sampling over a
time period of two years and by accessing many forests across eastern New South
Wales in order to visit old field sites and establish new field sites. For N. elonga-
tus the limitation of available study sites with populations of this species was even
higher. We sampled from ten trees for which we assumed they had been colonised by
N. elongatus but only two of these trees were infested, and the study of only one of
these two trees was possible.
In extension to our intensive field efforts we were strongly reliant also on collaborators
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throughout Australia who helped pointing us towards sites with potential platypodine
ambrosia beetle activity and we demonstrated that a strong effort in interacting with
forester and researcher community is crucial in progressing ambrosia beetle research.
5.4 Concluding remarks
Here I conclude that there is still much research to be done on the fungal farming
of ambrosia beetles and many new species of ambrosia fungi await to be discovered,
described and characterised. The combination of culture dependent and culture in-
dependent methods as well as laboratory work in controlled environments will be a




Supplementary Figures and Tables
A.1 Chapter 2
Figure A.1: Maximum-likelihood analysis of ITS2 for the described isolates of Raf-
faelea ssp. from Australia. Raffaelea spirulatus sp. nov. was chosen as a outgroup.
Please note that the additional undescribed isolate from Austroplatypus incompertus
clusters with the described isolates from this host species.
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Figure A.2: Maximum-likelihood analysis of the exons of the beta-tubulin gene for
the described isolates of Raffaelea ssp. from Australia. We included also sequences
for isolates for Platypus semigranosus we isolated from Bondi State Forest, but were
lost through a mite infestation.
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A.2 Chapter 3
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Figure A.3: Rarefaction curves of bacterial and fungal reads
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Table A.2: Variation explained by phylogenetic distances computed from the UP-
GMA (unweighted pair group method with arithmetic mean) tree after removing the
outliers sample C22 and D12.













































Table A.3: Analysis of the alpha diversity for the number of fungal ASVs between
different Austroplatypus incompertus populations.
Populations Estimate Standard Error T-Ratio P-Value
Dampier SF - Dorrigo 0.94975239 0.2090979 4.542 0.0002
Dampier SF - Mount Wilson 0.36949167 0.2177855 1.697 0.5362
Dampier SF - Olney SF 0.79105811 0.1655424 4.779 0.0001
Dampier SF - Termeil SF 0.72742258 0.2090979 3.479 0.0085
Dampier SF - Wombeyan Caves 0.17576306 0.1905383 0.922 0.9402
Dorrigo - Mount Wilson -0.58026072 0.2510886 -2.311 0.1962
Dorrigo - Olney SF -0.15869428 0.2074109 -0.765 0.9729
Dorrigo - Termeil SF -0.22232981 0.2435917 -0.913 0.9427
Dorrigo - Wombeyan Caves -0.77398934 0.2278592 -3.397 0.0111
Mount Wilson - Olney SF 0.42156644 0.2161662 1.950 0.3761
Mount Wilson - Termeil SF 0.35793091 0.2510886 1.426 0.7115
Mount Wilson - Wombeyan Caves -0.19372862 0.2358567 -0.821 0.9632
Olney - Termeil SF -0.06363553 0.2074109 -0.307 0.9996
Olney SF - Wombeyan Caves -0.61529506 0.1886853 -3.261 0.0170
Termeil SF - Wombeyan Caves -0.55165952 0.2278592 -2.421 0.1557
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Table A.4: Analysis of the alpha diversity for the number of bacterial OTUs between
different Austroplatypus incompertus populations.
Populations Estimate Standard Error T-Ratio P-Value
Dampier SF - Dorrigo 0.33333111 0.1779688 1.873 0.4229
Dampier SF - Mount Wilson 0.12046358 0.1853629 0.650 0.9869
Dampier SF - Olney SF 0.09106576 0.1408975 0.646 0.9872
Dampier SF - Termeil SF 0.39492756 0.1779688 2.219 0.2353
Dampier SF - Wombeyan Caves -0.70945182 0.1621721 -4.375 0.0003
Dorrigo - Mount Wilson -0.21286753 0.2137081 -0.996 0.9186
Dorrigo - Olney SF -0.24226535 0.1765329 -1.372 0.7435
Dorrigo - Termeil SF 0.06159644 0.2073273 0.297 0.9997
Dorrigo - Wombeyan Caves -1.04278293 0.1939370 -5.377 <.0001
Mount Wilson - Olney SF -0.02939782 0.1839848 -0.160 1.0000
Mount Wilson - Termeil SF 0.27446398 0.2137081 1.284 0.7932
Mount Wilson - Wombeyan Caves -0.82991540 0.2007438 -4.134 0.0008
Olney SF - Termeil SF 0.30386179 0.1765329 1.721 0.5200
Olney SF - Wombeyan Caves -0.80051758 0.1605951 -4.985 <.0001
Termeil SF - Wombeyan Caves -1.10437938 0.1939370 -5.695 <.0001
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Figure A.4: Relative abundance of phyla of bacteria of Austroplatypus incompertus
in each population. Bars showing the percentage of bacteria found in the different
beetles per population.
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Figure A.5: Relative abundance of phyla of fungi of Austroplatypus incompertus
in each population. Bars showing the percentage of bacteria found in the different
beetles per population.
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Figure A.6: Relative abundance of family of bacteria of Austroplatypus incompertus
in each population. Bars showing the percentage of bacteria found in the different
beetles per population.
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Figure A.7: Relative abundance of family of fungi of Austroplatypus incompertus in
each population. Bars showing the percentage of funi found in the different beetles
per population.
A.3 Coauthored paper, not part of PhD project
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Animal–microbe mutualisms are typically maintained by vertical sym-
biont transmission or partner choice. A third mechanism, screening of
high-quality symbionts, has been predicted in theory, but empirical
examples are rare. Here we demonstrate that ambrosia beetles rely
on ethanol within host trees for promoting gardens of their fungal
symbiont and producing offspring. Ethanol has long been known as
themain attractant for many of these fungus-farming beetles as they
select host trees in which they excavate tunnels and cultivate fungal
gardens. More than 300 attacks by Xylosandrus germanus and other
species were triggered by baiting trees with ethanol lures, but none
of the foundresses established fungal gardens or produced broods
unless tree tissues contained in vivo ethanol resulting from irrigation
with ethanol solutions. More X. germanus brood were also produced
in a rearing substrate containing ethanol. These benefits are a result
of increased food supply via the positive effects of ethanol on food-
fungus biomass. Selected Ambrosiella and Raffaelea fungal isolates
from ethanol-responsive ambrosia beetles profited directly and in-
directly by (i) a higher biomass on medium containing ethanol, (ii)
strong alcohol dehydrogenase enzymatic activity, and (iii) a compet-
itive advantage over weedy fungal garden competitors (Aspergillus,
Penicillium) that are inhibited by ethanol. As ambrosia fungi both
detoxify and produce ethanol, they may maintain the selectivity of
their alcohol-rich habitat for their own purpose and that of other
ethanol-resistant/producing microbes. This resembles biological
screening of beneficial symbionts and a potentially widespread,
unstudied benefit of alcohol-producing symbionts (e.g., yeasts) in
other microbial symbioses.
fungus-farming insects | plant–insect–microbe interactions | symbiosis |
insect–fungus mutualism | host screening
Hosts evolve to facilitate their beneficial symbionts selectively(1), while symbionts commonly compete within the host-
provided environment (2). The best-studied mechanisms by which
hosts maintain their association with beneficial symbionts are
partner choice and partner fidelity (i.e., vertical transmission of
symbionts through generations). Competition-based screening is
a third theoretical mechanism that empirically is hardly studied (3,
4). It states that hosts can maintain mutualistic associations with
beneficial symbionts by creating a demanding environment that is
demanding in such a way that the host-preferred symbiont is better
able to endure the demands. To our knowledge, the only examples
come from squid–bacteria, ant–bacteria, and ant–plant mutualisms,
but screening is likely to be much more widespread (3).
Fungus farming as a source of nutrition arose in ants, termites,
and beetles between 40‒100 My before humans began domesti-
cating plants for agriculture (5). Members of these three insect
lineages are true fungus farmers that propagate, cultivate, and
sustainably harvest their fungal gardens (6). This lifestyle evolved
only once in ants and termites but originated more than 10 times in
the bark beetles (Scolytinae) and once in the pinhole borers (Pla-
typodinae) (Coleoptera: Curculionidae) (5–8). About 3,400 scoly-
tine and 1,400 platypodine species are collectively known as
“ambrosia beetles” for their obligate mutualism with nutritional
fungal symbionts (9). Notably, larvae and adult ambrosia beetles
obtain all their nutrition solely by consuming their symbiont(s),
which is necessary to properly develop and reproduce (10–13).
Ambrosia beetles vertically transmit their fungal symbionts to
host trees using specialized structures called “mycangia” that
range from simple pits and grooves to comparatively large and
complex pouches (9, 14, 15). Fungal symbionts carried within the
mycangia are mostly of the ascomycete genera Ambrosiella and
Raffaelea and have not been found as free-living species, but
their ancestors were free-living and relied on arthropods for
dispersal (16, 17). A tight coevolutionary pattern and specific
beetle–fungal associations have been documented, particularly
for beetle genera with large, elaborate mycangia (16–19).
As with other ambrosia beetles in the tribe Xyleborini (Scoly-
tinae), male Xylosandrus germanus are flightless, and host selec-
tion is made by female foundresses (20). Adult females tunnel
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within the sapwood of trees, where they create galleries to farm
their symbionts and rear offspring. Conceivably, this environ-
ment is created in a way that selectively facilitates vertically
transmitted food fungi over parasitic and pathogenic fungi.
Choice of a selective substrate for growing the fungus gardens
may be a potent mechanism to do so. An initial competitive
advantage to the food cultivars is given by the inoculation of host
tunnels with masses of spores overflowing from the mycangium
or present in the feces of the founding female (15). A white
fungal layer of Ambrosiella or Raffaelea conidia or conidiophores
is produced only in the beetles’ presence (10–12). During initial
excavation, host tunnels can become inoculated not only with the
fungal symbionts but also with a variety of microbial competitors
that can hitchhike on the integument of the foundresses. These
“weedy” microbial competitors and pathogens include fungi
(e.g., Aspergillus, Paecilomyces, and Penicillium) and bacteria (11,
12, 21, 22). If unmanaged, these microbes can disrupt the es-
tablishment of the gardens of ambrosia beetles and other fungus-
farming insects (23) and eventually dominate the gallery system
(24, 25). It is therefore important for foundresses to ensure that
their fungal cultivars become established within freshly excavated
tunnels promptly and that they keep dominating other weedy
microorganisms (24, 25). Furthermore, ambrosia beetles begin
ovipositing only after their fungal gardens are established and
flourishing (10–12, 24); otherwise the foundress will die or aban-
don the tunnel, and colonization will be unsuccessful (26).
Most species of ambrosia beetles attack dying or dead trees, but
some exotic species introduced to new habitats destructively at-
tack living trees growing in managed and unmanaged systems (27–
30). Ethanol has long been known to attract many ambrosia
beetles (31), and its emission from living but weakened trees in the
early stages of physiological stress is used by some of the more
aggressive beetle species to locate new hosts for establishing
fungal gardens and producing offspring (26, 27). A byproduct of
anaerobic respiration, ethanol is a ubiquitous component of the
sapwood, phloem, and cambium of many living tree species (32,
33). Ethanol is present in some tissues of healthy trees, but in
weakened trees it increases dramatically due to limited oxygen
availability resulting from a variety of physiological stressors (32–
34). When given free choice, X. germanus preferentially attacked
flood-intolerant tree species with elevated ethanol levels over
flood-tolerant tree species containing little to no ethanol (26).
When confined without choice to stem tissues, X. germanus ex-
cavated galleries, established fungal gardens, and produced off-
spring in flood-stressed trees but created only superficial tunnels
absent of fungal growth and offspring in nonflooded trees (26). A
strong preference for host tissues containing ethanol was de-
cisively demonstrated by Kelsey et al. (35): More than four times
more ambrosia beetle attacks occurred above ethanol-infused
sapwood tissues than in the opposite side of the same log that
did not receive ethanol treatment.
While ethanol is highly attractive to many ambrosia beetles, it is
also a well-known antimicrobial agent that has been used as a
preservative by humans since prehistory (36). Ethanol reduces the
postharvest decay of fruits and extends the shelf-life of food
products by inhibiting various fungi, including Aspergillus spp. and
Penicillium spp. (37). Ambrosia beetles’ specific selection of host
tissues containing a potent antimicrobial agent to cultivate their
fungal gardens would therefore seem counterproductive. Here we
present evidence that X. germanus, and probably many other
ambrosia beetles, rely on the ethanol within tissues of living trees
to optimize the production of their fungal gardens and therefore
successful offspring production. We propose that this is a measure
to achieve improved growth and to create a competitive advantage
for Ambrosiella and Raffaelea fungus cultivars.
Results
Ethanol and Host Tree Colonization Success. Field-based experi-
ments compared the absence or presence of ethanol within stems
of dogwood (Cornus florida) and redbud (Cercis canadensis) trees
with the colonization success of X. germanus. Ethanol sachet
lures attracted beetles and induced attacks on stems, but X.
germanus failed to establish fungal gardens or produce broods
in the absence of in vivo ethanol. Irrigating the roots of trees
with ethanol solutions [0%, 1%, 2.5%, or 5% (vol/vol)] also
attracted beetles and induced attacks on stems, and X. germanus
foundresses established fungal gardens and produced brood in
the presence of in vivo ethanol within these tissues.
Dogwood trees baited with ethanol lures sustained a total of
192 attacks, while trees irrigated with 1%, 2.5%, or 5% ethanol
solutions sustained 84, 206, and 464 total attacks, respectively
(Fig. 1A). There was no difference in cumulative attacks on
ethanol-baited dogwoods compared with trees irrigated with 1%
or 2.5% ethanol solutions (Fig. 1A). Similarly, redbud trees
baited with ethanol lures sustained a total of 111 attacks, while
trees irrigated with 1%, 2.5%, or 5% ethanol solutions sustained
195, 352, and 507 total attacks, respectively (Fig. 1B). There was
no difference in cumulative attacks on ethanol-baited redbud
trees compared with trees irrigated with 1% ethanol (Fig. 1B).
Following dissection of the stems, a comparable number of
living X. germanus foundresses were recovered from ethanol-
baited dogwoods and from trees irrigated with 1% ethanol
(Fig. 1C). A comparable number of X. germanus foundresses
were also recovered from ethanol-baited redbuds and from 1%
ethanol-irrigated trees (Fig. 1D). However, despite 192 and 111
total ambrosia beetle attacks, respectively, no tunnels created in

































































































































Fig. 1. (A and B) Cumulative ambrosia beetle attacks per tree on C. florida
(A) and C. canadensis (B) trees that were ethanol-baited or irrigated with
ethanol solutions containing 0%, 1%, 2.5%, or 5% ethanol (vol/vol). (C–J)
Trees were dissected to determine the mean number per tree of X. germa-
nus living foundresses (C and D), tunnels containing living X. germanus
foundresses and fungal gardens (E and F), X. germanus eggs (G and H), and
X. germanus larvae (I and J). Different letters denote significant differences
in mean values using one-way ANOVA and Tukey’s HSD at P < 0.05 (n =
5 and 6 trees per treatment for C. florida and C. canadensis, respectively). (A)
F19 = 22.65; P < 0.0001. (B) F23 = 13.53; P < 0.0001. (C) F19 = 4.11; P = 0.024.
(D) F23 = 8.88; P = 0.0006. (E) F14 = 1.14; P = 0.35. (F) F17 = 6.17; P = 0.011. (G)
F14 = 7.03; P = 0.01. (H) F17 = 8.10; P = 0.0041. (I) F14 = 4.75; P = 0.03. (J) F17 =
6.66; P = 0.009. Error bars represent ± SE.
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foundresses with established fungal gardens. In contrast, tun-
nels with foundresses and fungal gardens occurred in dogwoods
(Fig. 1E) and redbuds (Fig. 1F) irrigated with 1%, 2.5%, or 5%
ethanol. No tunnels containing an X. germanus foundress and
oviposited eggs or larvae occurred in ethanol-baited dogwoods
or redbuds (Fig. 1 G–J). In contrast, tunnels/galleries contain-
ing an X. germanus foundress and eggs and larvae were found in
dogwood and redbud trees irrigated with 1%, 2.5%, or 5%
ethanol (Fig. 1 G–J). No species of Scolytinae established
fungal gardens or produced brood in the ethanol-baited dog-
woods or redbuds.
Ethanol and Ambrosia Beetle Offspring Production. Bioassays using
an artificial rearing substrate infused with 0%, 0.1%, 0.5%, 1%,
2.5%, or 5% (vol/vol) ethanol characterized the effects of etha-
nol on fungal garden establishment and offspring production by
X. germanus. The presence of X. germanus’ greyish-white am-
brosial gardens peaked in tubes containing 2.5% ethanol; in
particular, fungus was present in 12.5% of tubes containing 0%
and 0.1% ethanol, in 87.5% of tubes containing 0.5% and 1%
ethanol, in 100% of tubes containing 2.5% ethanol, and in 0% of
tubes containing 5% ethanol. The occurrence of larvae and pu-
pae within the artificial rearing substrate were observed only in
the presence of X. germanus’ greyish-white fungal gardens. Thus,
the number of larvae and pupae per substrate tube also increased
and then decreased in response to increasing amounts of ethanol
from 0 to 5% (Fig. 2 A and B).
Ethanol and Fungal Growth. An agar plate bioassay examined the
effect of ethanol on Ambrosiella grosmanniae, the fungal symbiont
of the ethanol-responsive X. germanus. The dry weight of A. gros-
manniae initially increased and then decreased with increasing
amounts of ethanol in the medium from 0% to 5% (vol/vol) (Fig. 3
A and D and Table S1). The surface area of A. grosmanniae gen-
erally decreased (Fig. 3B) while biomass density increased (Fig. 3C)
with increasing ethanol concentrations from 0% to 5%. The same
procedure was applied to two other fungal symbionts associated
with ethanol-responsive ambrosia beetles, namely, Ambrosiella
roeperi associated with Xylosandrus crassiusculus and Raffaelea
canadensis associated with Xyleborinus saxesenii. The dry weight of
A. roeperi initially increased and then decreased in response to in-
creasing ethanol concentrations (Fig. 4A and Table S1). The growth
of R. canadensis also initially increased and then decreased in re-
sponse to increasing amounts of ethanol (Fig. 4B and Table S1).
Growth was also measured for Ascoidea hylecoeti, the fungal
symbiont of a ship-timber beetle (Elateroides dermestoides,
Lymexylidae) that is also attracted to ethanol (38). The growth of the
Ascoidea sp. steadily decreased with increasing amounts of ethanol
from 0% to 5% (Fig. 4C and Table S1). A negative correlation
occurred between ethanol concentration and dry weight of A.
hylecoeti (Pearson correlation coefficient = −0.906; P < 0.0001).
Dry weight of a Penicillium sp., a microbial competitor of am-
brosia beetle fungal cultivars isolated from galleries of X. saxesenii,
rapidly decreased with increasing amounts of ethanol from 0% to
5% (Pearson correlation coefficient = −0.743; P = 0.0002) (Fig.
4D and Table S1). The growth of an Aspergillus sp. generalist
pathogen, also isolated from X. saxesenii galleries, decreased and
was negatively correlated (r = −0.965; P < 0.0001) with increasing
amounts of ethanol from 0% to 5% (Fig. 4E and Table S1).
To further validate the observations, we measured the growth of
liquid cultures in the presence or absence of ethanol and in the
presence or absence of 2% glucose (Fig. S1). While increasing
concentrations of ethanol generally led to prolonged lag phases,
these were considerably shorter for A. grosmanniae and R. cana-
densis (maximum of about 20 h in the presence of 5% or 10%
ethanol) than for a Penicillium competitor isolate (about 48 h) (Fig.
S1). The growth rate was enhanced in most cases by the addition of
2% glucose, but this did not greatly affect the duration of the lag
phase. While A. roeperi displayed extremely low overall growth rates,
this symbiont grew only in the presence of ethanol in this bioassay.
Alcohol Dehydrogenase Activity. Ethanol is generally toxic and in
all organisms is detoxified to acetaldehyde by alcohol dehydro-
genases (ADHs). Enzymatic ADH activity therefore determines
ethanol tolerance, which was tested using a standard ADH ac-
tivity assay before and after exposure to 2% ethanol on plates
containing A. grosmanniae, A. roeperi, R. canadensis, an Asper-
gillus sp., and a Penicillium sp. (Fig. 5). Compared with the un-
treated control cultures, ADH activity was significantly (P <
0.05) higher in the ambrosia beetle cultivar A. grosmanniae after
6 and 93 h of exposure to ethanol (Fig. 5A) and in R. canadensis
after 93 h of exposure (Fig. 5C). While Aspergillus sp. cultures
showed almost no detectable ADH activity in the same condi-
tions (Fig. 5D), activity was slightly induced in A. roeperi (Fig.
5B) and the Penicillium sp. (Fig. 5E).
Discussion
The affinity of ambrosia beetles for host-derived ethanol has been
viewed as a function of this compound acting as a chemical indicator
of weakened, dying, or recently felled trees with compromised
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Fig. 2. (A and B) Relationship between ethanol incorporated into a saw-
dust-based agar substrate at 0%, 0.1%, 0.5%, 1%, 2.5%, or 5% (vol/vol)
and the presence of (A) larvae and (B) pupae of X. germanus, an ethanol-
responsive ambrosia beetle. Data points represent mean values of larvae or
pupae per tube as a function of ethanol percent using a standard weighting
factor of 1/variance (n = 8 per ethanol concentration; see Table S1 for re-
gression equations). (A) r2 = 0.90; F5 = 60.08; P = 0.002. (B) r
2 = 0.96; F5 =
168.96; P = 0.0002). (C) White ambrosia garden of A. grosmanniaewithin the
artificial rearing substrate.











0 0.00 1 2 3 4 5

































Ethanol in Media (%) Ethanol in Media (%)
Ethanol in Media (%)




Fig. 3. (A–C) Agar plate bioassays characterized the effects of ethanol in-
corporated into themedium at concentrations of 0%, 1%, 2.5%, or 5% (vol/vol)
on the dry weight (A), surface area (B), and density (C) of A. grosmanniae,
the fungal symbiont of the ethanol-responsive ambrosia beetle X. germanus.
Data points represent mean growth values as a function of ethanol per-
centage using a standard weighting factor of 1/variance (n = 7‒10 per
ethanol concentration; see Table S1 for regression equations). (A) r2 = 0.99;
F4 = 22,685.60; P = 0.00004. (B) r
2 = 0.99; F4 = 34,770.7; P = 0.00003. (C) r
2 =
0.91; F4 = 31.68; P = 0.031. (D) Representative growth of A. grosmanniae on
agar medium infused with ethanol.






defenses that therefore are vulnerable to attack (27, 39). Based on
our results, we propose that ambrosia beetles preferentially select
host tissues containing ethanol because it provides a dual-functional
benefit to their fungiculture: It promotes the growth of their nu-
tritional fungal symbionts and reduces competition with fungal
weeds that get suppressed. Our study shows an advantage for am-
brosia beetles in selecting an ethanol-rich substrate to grow their
coevolved fungal symbionts (i.e., A. grosmanniae, A. roeperi, and R.
canadensis). Ethanol thereby benefits fungal crop production by
ambrosia beetles and adds to other known behavioral or chemical
means by which insects specifically promote their food fungi over
other antagonists (40–43). Notably, attine ants apply fertilizers (44)
and antibiotics (45, 46) to selectively facilitate the growth of food
fungi over weeds and pathogens.
Promptly establishing fungal gardens within newly exca-
vated host tunnels improves the chances of fungal symbionts
outcompeting microbial competitors, including Aspergillus and
Penicillium (24, 47), that can be passively introduced during
tunnel excavation. We suggest that ethanol within host tree tis-
sues facilitates this competitive advantage, as the growth of A.
grosmanniae, A. roeperi, and R. canadensis benefitted from the
presence of low concentrations of ethanol, while the Penicillium
and Aspergillus competitors were inhibited. Ethanol could also
provide a competitive advantage over entomopathogenic fungi
since it inhibits the growth of Trichoderma harzianum (37).
Alcohol-detoxifying enzymes were strongly induced in A. gros-
manniae and R. canadensis after exposure to ethanol, while ADH
activity was low to absent in Penicillium sp. and Aspergillus sp.
Genetic mutations allowing the comparatively fast metabolism of
ethanol might permit the fungal symbionts to consume or at least
rapidly detoxify ethanol present in the host tissues and thereby
achieve improved growth. Bacteria (Acinetobacter spp., Pseudo-
monas aeruginosa) (48, 49), many yeasts (50, 51), and the fungal
tree pathogen Armillaria mellea (52) have also been proposed to
use ethanol as a carbon source. In addition to detoxifying ethanol,
ambrosia beetle fungal symbionts are known to produce ethanol,
among other alcohols (53 and 54), which may maintain an alcohol-
rich gallery environment even after its production by plant cells
has ceased (i.e., because of tree death). Such consumption, pro-
duction, and environmental accumulation of ethanol has been
reported so far from only three lineages of yeasts, in which it has
been shown to be a potent tactic for securing their food resource
against other microbial and possibly also arthropod competitors
(50, 51, 55). Therefore, the presence of ethanol may explain why
ethanol-resistant yeasts are the dominant symbionts, next to am-
brosia fungi, in ambrosia beetle galleries (56, 57).
The role of screening by hosts to generate and maintain a
beneficial community of symbionts in animal–microbe mutualisms
is generally understudied. Currently, the clearest case of biological
screening appears in Euprymna scolopes squids, which create a
demanding environment in which bacterial bioluminescence
protects the symbionts against the host’s lethal reactive oxygen
species, thus allowing only bioluminescent Vibrio fisheri bacteria to
colonize the light organ (3, 58). Fungus-farming insects select and
prepare substrates for their nutritional fungi to grow on, so they
should be predisposed for screening. They may choose selective
substrates varying in bioactive compounds (e.g., ethanol in this
study), or they (or their symbionts) may actively incorporate such
compounds into the medium (4, 45, 59). This would add to
mechanisms known to maintain associations with beneficial fungal
cultivars by farming insects, such as partner choice through sig-
naling (fungus-farming termites) and vertical symbiont trans-
mission in the fungus spore-carrying organs of nest-founding
individuals [ambrosia beetles and attine ants (5)].
Since our current study and previous ones (26, 28, 34) dem-
onstrate that X. germanus does not colonize healthy trees, attacks
on living but weakened trees emitting stress-induced ethanol are
arguably a function of maximizing successful fungus farming.
Following their introduction to new habitats, the establishment
and proliferation of ambrosia beetles could benefit from the
combination of a broad host range and the ability to utilize host
tissues containing ethanol. Host tissue chemistry could also reduce
interspecific competition by excluding non–ethanol-responsive
ambrosia beetles (e.g., Xyleborus glabratus and Raffaelea lauricola)
vs. opportunistic species with broad host ranges that have an af-
finity for ethanol and living but weakened trees (X. germanus and
A. grosmanniae). Presumably this effect is not only restricted to
other ambrosia beetles but is also found in other competitors
(e.g., wood-boring beetles) that are not resistant to ethanol.
Likewise, the tolerance toward alcohol produced by certain yeasts
has been shown to determine the relative success of particular
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Fig. 5. (A–E) Enzymatic ADH activity of fungal symbionts (A. grosmanniae, A.
roeperi, and R. canadensis) and symbiont competitors (Aspergillus sp., Penicillium
sp.) immediately before (control) and after short-term (6 h) or long-term (93 h)
exposure to 2%ethanol. First and third quartiles enclose the box plots withmedian
and mean values represented by a bar and an “x” within the boxes, respectively;
top and bottom whiskers represent maximum and minimum values, respectively.
Different letters within a species denote significant differences between control vs.
6-h or 93-hmean values using one-way ANOVA and Dunnett’s test at P < 0.05 (n=
3−4 cultures per species and treatment). (A) F10= 10.47; P = 0.006. (B) F9= 1.61; P=
0.27. (C) F11 = 4.53; P = 0.044. (D) F10 = 1.45; P = 0.29. (E) F10 = 2.66; P = 0.13.


















































Fig. 4. (A and B) Agar plate bioassays characterized the effects of ethanol
incorporated into the medium at concentrations of 0%, 1%, 2.5%, or 5%
(vol/vol) on the growth of A. roeperi (A) and R. canadensis (B), fungal sym-
bionts of the ethanol-responsive ambrosia beetles X. crassiusculus and X.
saxesenii, respectively. (C–E) Growth of A. hylecoeti, the fungal symbiont of
a ship-timber beetle (C) and fungal competitors of the symbionts including
Penicillium sp. (D) and Aspergillus sp. (E). Data points represent mean
growth values as a function of ethanol percentage using a standard
weighting factor of 1/variance (n = 5 per ethanol concentration for A. roeperi
and A. hylecoeti; n = 9‒10 for R. canadensis; n = 8‒10 for Aspergillus sp.;
see Table S1 for regression equations). (A) r2 = 0.87; F4 = 21.81; P = 0.044. (B)
r2 = 0.99; F4 = 2,773.97; P = 0.0004. (C) r
2 = 0.72; F3 = 19.25; P = 0.0482. (D)
r2 = 0.98; F4 = 173.71; P = 0.006. (E) r
2 = 0.99; F4 = 12,658.3; P = 0.0001.
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The high-level food production of ambrosia beetles suggests the
evolution of horticultural practices used by other insect and hu-
man farmers, including crop fertilization and chemical control of
competitors and pathogens (5). Still, additional facets of ambrosia
beetle fungiculture remain to be elucidated. For instance, the
production of defensive compounds such as antibiotics by symbi-
onts of farming ants and termites to help defend against weedy
competitors (45, 62) has also been described for bacterial symbi-
onts of a bark beetle (41) and a mold-like fungus of an ambrosia
beetle (63). In microbes, such defense reactions are usually in-
duced under stress (64), so it is likely that alcohol-rich environ-
ments not only screen in alcohol-producing microbes but also
induce antibiotic production. Interestingly, many of the ophios-
tomatoid fungal mutualists of ambrosia beetles, including
Ambrosiella and Raffaelea, are resistant to the fungicide cyclo-
heximide (65, 66), which may indicate the presence of microbes
that produce this antibiotic. Again, this would screen in antibiotic-
producing symbionts and screen out nonresistant species.
Taken together, the experimental findings presented here re-
veal that the affinity of X. germanus for ethanol benefits their
fungicultural lifestyle. The failure of ambrosia beetle foundresses
to inoculate a host and establish a fungal garden probably rep-
resents a key weak point in the evolution of this obligate mutu-
alism, because beetles will die or abandon the freshly excavated
tunnels if inoculation is unsuccessful (26). Understanding the
role of host chemistry in promoting and inhibiting the estab-
lishment of ambrosia beetle fungal symbionts could lead to novel
management strategies for these devastating pests of trees in
horticultural, ornamental, and forested settings.
Methods
Ethanol and Host Tree Colonization Success. The influence of ethanol was ex-
amined by comparing attacks, presence of fungal gardens, and X. germanus
offspring production in trees that were either baited or irrigated with aqueous
solutions of ethanol. In particular, the experiment sought to compare coloni-
zation success in stem tissues that were in the vicinity of but lacking in vivo
ethanol (i.e., ethanol-baited trees) vs. trees with tissues containing ethanol
(ethanol-irrigated). Two deciduous species commonly attacked by X. germanus
were selected (28): C. florida was tested during the first field experiment fol-
lowed by C. canadensis. C. florida trees of stems measuring 2.54 cm in diameter
and C. canadensis trees of 3.81-cm caliper were grown in 26.5-L pots containing
a pine bark and peat moss mix amended with lime and micronutrients.
Ethanol-baited trees were prepared by attaching three lures (95% ethanol;
65 mg/d at 30 °C; AgBio, Inc.) using nylon cable ties to a metal rod in parallel
with the main stem. Lures were attached to the metal rod rather than to the
actual stems to avoid potential adsorption of ethanol by the stem tissue. Lures
were positioned about 25.4 cm apart at the base, middle, and upper portions of
C. florida and C. canadensis stems.
Ethanol-irrigated treeswereprepared by irrigating the soil of each potted C.
florida and C. canadensis tree with an aqueous solution containing 0%, 1%
(i.e., 7.9 mg/mL), 2.5% (i.e., 19.7 mg/mL), or 5% (39.5 mg/mL) ethanol (vol/vol)
(99.5%; Acros Organics). Each pot received an average of 2.8 L of solution
every 2‒3 d throughout the duration of the two experiments. Ethanol-baited,
nonbaited, and ethanol-irrigated C. florida trees were arranged in five ran-
domized complete blocks within a deciduous woodland in Wayne County,
Ohio (40°45′41.54″N; 81°51′15.92″W) and were deployed under field condi-
tions from 24 April 2017 to 19 May 2017. C. canadensis trees were arranged in
six randomized complete blocks within a deciduous woodland in Wayne
County., Ohio (40°47′4.11″N; 81°50′4.82″W) and were deployed from 15 May
2017 to 12 June 2017. Trees within a block were 2 m apart, and adjacent
blocks were 10 m apart. New ambrosia beetle attacks were recorded every 2‒
3 d. Trees were cut on the last day of field deployment and were transferred to
a refrigerator held at 5 °C. Stems were dissected using pruning shears and were
examined under a stereomicroscope. Specimens of X. germanus foundresses
and offspring (i.e., eggs and larvae) within their respective galleries were
collected and preserved in 70% ethanol.
Ethanol and Ambrosia Beetle Offspring Production. A rearing substrate was
prepared to examine the effects of ethanol on offspring production by X.
germanus. A minimal medium substrate was prepared based on refs. 67 and
68 by dry mixing 75 g of C. canadensis sawdust and 20 g of malt extract agar
followed by 325 mL of distilled water. About 20 mL of substrate was dis-
pensed into 50-mL polystyrene tubes. Substrate tubes were autoclaved for
30 min at 120 °C and were allowed to cool slightly in a laminar flow hood;
then ethanol (99.5%; Acros Organics) was pipetted into the substrate to
achieve ethanol concentrations of 0%, 0.1%, 0.5%, 1%, 2.5%, or 5% (vol:wt)
per substrate tube. After pipetting, the substrate within each tube was
immediately stirred using a flame-sterilized spatula for 1.5 min. Tubes were
loosely screw-capped and held in a laminar flow hood under UV light for 4 d.
Live adult female X. germanuswere collected (26), transferred to Petri dishes
lined with filter paper, and held overnight at 7 °C. Active beetles were selected
after the Petri dishes were held at room temperature for 3‒4 h, and four
beetles were transferred to each substrate tube. Previous studies recommend
surface-sterilizing beetles with ethanol to minimize contamination by second-
ary microbes passively carried on the cuticle (67, 69), but we intentionally
omitted this sterilization procedure to avoid biasing the competition of A.
grosmanniae with microbial contaminants. Substrate tubes were incubated at
25 °C for 22 d, after which specimens within each tube were quantified.
Ethanol and Fungal Growth. Cultures of A. grosmanniae were grown and
maintained on malt extract agar (MEA) [3% malt extract and 0.5% soya
peptone (wt/vol)]. The effects of ethanol on the dry weight, surface area,
and density of A. grosmanniae were determined using an agar plate
method. Ethanol (99.5%; Pharmco-AAPER) was added to the MEA to achieve
concentrations of 1%, 2.5%, or 5% (vol/vol). Sterile distilled water was used
for the control. The solidified agar was overlaid with a sterile cellophane
membrane (Research Products International Corp.), and a mycelial plug
(3 mm in diameter) of A. grosmanniae was transferred to the center of each
plate. Inoculated plates were photographed every 2 d, and the surface area
was measured using ImageJ v. 1.47 software (NIH). At 6 d after inoculation,
the mycelial mat was scraped, and the fresh weight was determined. The
mycelia were then allowed to dry at 37 °C until the weight was constant. The
density of the mycelia was calculated by dividing the dry weight by
the surface area. Using the same approach, the effects of ethanol were exam-
ined on A. roeperi, R. canadensis, A. hylecoeti, Penicillium sp., and Asper-
gillus sp. Cultures were grown under the following conditions: A. roeperi for
4 d at 28 °C; R. canadensis for 10 d at 23 °C; A. hylecoeti for 6 d at 23 °C;
Penicillium sp. for 4 d at 28 °C; and Aspergillus sp. for 4 d at 28 °C. Dry weight
was measured as described above.
The effect of ethanol was further assessed using liquid cultures of A.
grosmanniae, A. roeperi, R. canadensis, Penicillium sp., and Aspergillus sp.
grown in the presence of 0%, 5%, or 10% ethanol. The optical density of the
liquid cultures was measured using a microplate reader to quantify growth
rate (Fig. S1). (See SI Methods for specific methods.)
ADH Activity. The enzymatic activity of ADH and the protein concentration
were measured using A. grosmanniae, A. roeperi, R. canadensis, A. hylecoeti,
Penicillium sp., and Aspergillus sp. cultures grown on yeast extract/mannitol/
agar (YEMA) plates flooded with 0% or 2% ethanol. Proteinaceous super-
natant prepared from each fungal culture was analyzed for ADH activity
using a standard kit (catalog no. MAK053; Sigma-Aldrich). Total protein
concentrations were determined using the Bradford assay (Roti-Quant;
Roth). (See SI Methods for specific methods.)
Ethanol Quantification. Ethanol was quantified within flood-stressed C. florida
trees, ethanol-irrigated C. florida trees, and the sawdust-based substrate to
confirm that biologically relevant levels of ethanol were tested as part of our
study (Fig. S2). Solid-phase microextraction-gas chromatography-mass spec-
trometry (SPME-GC-MS) was used to analyze ethanol concentrations in the
various tissues/substrates (26). (See SI Methods for specific methods.)
Statistics. Weighted regression analyses were conducted on fungal growth
parameters (i.e., surface area, dry weight, and density) and offspring pro-
duction (larvae and pupae) as a function of the percent of ethanol incorporated
into the growth medium. A weighted regression analysis was used on mean
parameter values (e.g., dryweight) as a function of the percent of ethanol using
a standard weighting factor of 1/variance. TableCurve 2D v. 5.01 (Systat
Software Inc., 2002) was used for regression equations, and SYSTAT v.11 was
used to obtain graphs. The Pearson correlation coefficient was used to assess
the correlation between ethanol percentage and fungal growth parameters.
One-way ANOVA and Tukey’s honest significant difference (HSD) or Dunnett’s
multiple comparisons test were used as indicated to separate means.
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Malacrinò, A., Schena, L., Campolo, O., Laudani, F., Mosca, S., Giunti, G., Strano,
C. P., and Palmeri, V. (2017). A metabarcoding survey on the fungal microbiota
associated to the olive fruit fly. Microb. Ecol., 73(3):677–684.
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput se-
quencing reads. EMBnet.journal, 17(1):10.
Martin, M. M. (1970). The biochemical basis of the Fungus-Attine ant symbio-
sis: A complex symbiosis is based upon integration of the carbon and nitrogen
metabolisms of the two organisms. Science, 169(3940):16–20.
Martin, M. M. (1983). Cellulose digestion in insects. Comp. Biochem. Physiol. A
Physiol., 75(3):313–324.
Martin, M. M. (1992). The evolution of Insect-Fungus associations: From contact to
stable symbiosis. Integr. Comp. Biol., 32(4):593–605.
124
Massoumi Alamouti, S., Tsui, C. K. M., and Breuil, C. (2009). Multigene phylogeny
of filamentous ambrosia fungi associated with ambrosia and bark beetles. Mycol.
Res., 113(Pt 8):822–835.
Mayers, C. G., McNew, D. L., Harrington, T. C., Roeper, R. A., Fraedrich, S. W.,
Biedermann, P. H. W., Castrillo, L. A., and Reed, S. E. (2015). Three genera in
the Ceratocystidaceae are the respective symbionts of three independent lineages of
ambrosia beetles with large, complex mycangia. Fungal Biol., 119(11):1075–1092.
McKenna, D. D., Sequeira, A. S., Marvaldi, A. E., and Farrell, B. D. (2009). Temporal
lags and overlap in the diversification of weevils and flowering plants. Proc. Natl.
Acad. Sci. U. S. A., 106(17):7083–7088.
McKinney, W. (2010). Data structures for statistical computing in python. In der
Walt, S. v. and Millman, J., editors, Proceedings of the 9th Python in Science
Conference, pages 51–56.
Mikheyev, A. S., Mueller, U. G., and Abbot, P. (2006). Cryptic sex and many-to-one
coevolution in the fungus-growing ant symbiosis. Proc. Natl. Acad. Sci. U. S. A.,
103(28):10702–10706.
Minh, B. Q., Nguyen, M. A. T., and von Haeseler, A. (2013). Ultrafast approximation
for phylogenetic bootstrap. Mol. Biol. Evol., 30(5):1188–1195.
Moran, N. A., McCutcheon, J. P., and Nakabachi, A. (2008). Genomics and evolution
of heritable bacterial symbionts. Annu. Rev. Genet., 42:165–190.
Morrow, J. L., Hall, A. A. G., and Riegler, M. (2017). Symbionts in waiting: the
dynamics of incipient endosymbiont complementation and replacement in minimal
bacterial communities of psyllids. Microbiome, 5(1):58.
Mota-Gutierrez, J., Ferrocino, I., Rantsiou, K., and Cocolin, L. (2019). Metatax-
onomic comparison between internal transcribed spacer and 26S ribosomal large
subunit (LSU) rDNA gene. Int. J. Food Microbiol., 290:132–140.
Mueller, U. G. (2002). Ant versus fungus versus mutualism: ant-cultivar conflict
and the deconstruction of the attine ant-fungus symbiosis. Am. Nat., 160 Suppl
4:S67–98.
Mueller, U. G. and Gerardo, N. (2002). Fungus-farming insects: multiple origins and
diverse evolutionary histories. Proc. Natl. Acad. Sci. U. S. A., 99(24):15247–15249.
125
Mueller, U. G., Gerardo, N. M., Aanen, D. K., Six, D. L., and Schultz, T. R. (2005).
The evolution of agriculture in insects. Annu. Rev. Ecol. Evol. Syst., 36(1):563–595.
Mueller, U. G., Rehner, S. A., and Schultz, T. R. (1998). The evolution of agriculture
in ants. Science, 281(5385):2034–2038.
Mueller, U. G., Schultz, T. R., Currie, C. R., Adams, R. M., and Malloch, D. (2001).
The origin of the attine ant-fungus mutualism. Q. Rev. Biol., 76(2):169–197.
Musvuugwa, T., de Beer, Z. W., Duong, T. A., Dreyer, L. L., Oberlander, K. C., and
Roets, F. (2015). New species of Ophiostomatales from Scolytinae and Platypodi-
nae beetles in the Cape Floristic Region, including the discovery of the sexual state
of Raffaelea. Antonie Van Leeuwenhoek, 108(4):933–950.
Nakashima, T. (1971). Notes on the associated fungi and the mycetangia of the
ambrosia beetle, Crossotarsus niponicus BLANDFOR : Coleoptera : Platypodidae.
Appl. Entomol. Zool., 6(3):131–137.
Nguyen, L.-T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-
TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol., 32(1):268–274.
Nilsson, R. H., Larsson, K.-H., Taylor, A. F. S., Bengtsson-Palme, J., Jeppesen, T. S.,
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G. W., Groenewald, J. Z., Groenewald, M., Grube, M., Gryzenhout, M., Gueidan,
C., Guo, L., Hambleton, S., Hamelin, R., Hansen, K., Hofstetter, V., Hong, S.-
B., Houbraken, J., Hyde, K. D., Inderbitzin, P., Johnston, P. R., Karunarathna,
128
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